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I. TECHNICAL DISCUSSION

0 The work performed by Science Applications International Corporation
(SAIC) on this contract, "Laboratory Plasma Studies," Contract Number
N00014-89-C-21 11, SAIC Project Number 0 1-0157-13-0988, encompasses a
wide range of topics in experimental, computational, and analytical laboratory

* plasma physics. The accomplishments described in this report were in support
of the programs of the Beam Physics Branch (Code 6790) and the Plasma
Physics Division of the Naval Research Laboratory (NRL) and cover the period
25 March 1989 to 30 September 1993. In the following subsections we will

0 describe each of the topics investigated and the results obtained. Much of the
research work has resulted in journal publications and NRL Memorandum
Reports in which the investigation is described in detail. These reports are
included as Appendices to this Final Report.

0
A. NIKE KrF Laser Support

SAIC scientists and engineers have played a major role in supporting the
*1 design, construction, and testing of the Krypton Fluoride Laser (NIKE) Facility

at NRL. This effort has also been supported by SAIC consultatns. Mr. Orville
Barr of Pharos Technical Enterprises, Drs. Alex Velikovich, Avraham Bar
Shalom, and Nicholas Krall. When completed NIKE will produce intensities in

0 excess of 2 x 1014 Watts/cm2 on flat foils for laser plasma experiments related
to direct drive inertial confinement fusion. The primary goal of NIKE is to
produce uniform, high intensity illumination on target, with a goal of less than
2% RMS distortion in the desired focal profile. During the past year we

* achieved a major milestone, demonstrating the required uniformity with the
penultimate laser amplifier in the NIKE system. To our knowledge, this is the
most uniform laser illumination ever produced. Additionally, this laser
produced the 120 Joules required to drive the final amplifier stage, which will

* eventually produce greater than 5 kJ of output. If the focal profile uniformity
can be maintained (and all indications are that it will) NIKE will be the first
laser to meet the theoretically predicted intensity uniformity requirements of
direct drive ICF.
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SAIC's responsibility has been the design, specification, testing and
implementation of the optical/optomechanical system. A large portion of the

* optical paper design was previously completed by R. Lehmberg of NRL. Details
of the laser front end were completed by SAIC in collaboration with S.

Obenschain of NRL. Optical components then had to be specified and procured

to assure that the system would be true to the design. This procurement is
* nearing completion. Approximately two-thirds of the optical system is in

operation and recently we have demonstrated seven times diffraction limited
performance at 248 nm. This is in excellent agreement with predictions from
the optical design codes. The remainder of the components to complete the

0 optical system are now arriving and being tested.

Optomechanical design required stable mounts that do not distort the
optics. Because of the large number of optics components in the system (-

* 350) it was also required that these mounts be inexpensive. Mounts for each
optical component were designed, prototyped, and tested before large

quantities were made. All of these mounts have met the stability requirements
and, in most cases, have cost less than originally estimated. In conjunction

*1 with mechanical engineers, SAIC supervised the design and fabrication of
structures for mounting large numbers of individual optics. These structures
had to provide rigid mounting to reduce vibration of optical components. They
were then tested to assure adequate performance as they were delivered.

0

The majority of work has involved characterization, modification and
operation of the laser system. Diagnostics have been developed and added to
the system as required for laser beam characterization. SAIC has made

* significant changes to the laser oscillator, which improved overall system
performance and was crucial to attaining the high energy uniform focal profiles
mentioned above. The laser is beginning to operate on a routine basis and
SAIC personnel continue to be involved in planning and performing

* experiments.

The following specific contributions are described below.

* NIEKE laser oscillator and focal profile diagnostics SAIC collaborated
with Steve Obenschain of NRL to develop and test two methods for producing
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uniform laser focal profiles. This profile is to be amplified and used to perform
flat-target direct-drive fusion experiments, which require a very uniform profile.

0 In addition, methods to attenuate and measure the focal profile with high
accuracy were developed and tested.

The first method involved the development of a novel oscillator
configuration with large angular divergence. It is described in a paper entitled,
"A KrF oscillator system with uniform profiles," which has been accepted for
publication. The proofs are included as Appendix A in this report. The paper
also describes the method to attenuate the beam and measure the focal profile
to high accuracy.

The second method involved illuminating a Lambertian diffuser with
spatially incoherent light and using the far-field of the diffuser as the uniform
profile. This is presently installed in the NIKE laser.

Pulse slicing Another important milestone was completed by SAIC as
follows. We sliced a 4 ns pulse out of the 30 ns oscillator output. We used two
Pockels cells in series between crossed polarizers. With a 60 times diffraction
limited beam, we were able to obtain an energy contrast of 3000:1. We
determined that the pulse slicing system did not appreciably distort the beam.
We were also able to partially compensate for the stress-induced birefringence
of the crystal by imposing a low electric field parallel to the direction of
propagation of the light. The NIKE laser will deliver a 4 ns pulse to the target.
The high contrast ratio is necessary to avoid prepulse, which could degrade the
laser fusion experiments.

Laser bandwidth measurement SAIC measured the spectral profile of
the KrF oscillator with a grating spectrometer and found that the full width at
the half-maximum points is 0.3 nm. With an echelle spectrometer, E.A.

* McLean and C. Pawley of NRL collaborated with SAIC to measure the
bandwidth of the oscillator at various stages of amplification through the 20 cm
amplifier. The full width at the half-maximum points is 0.2 nm, and the
bandwidth decreases as the beam is amplified. The RMS deviation of the focal

* profile due to its incoherence is (C/T)11/2, where I is the laser coherence time.

and T is the pulse width. Because beam uniformity is very important for direct-
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drive laser fusion, it is important to know the bandwidth when optimizing the
laser uniformity. For example, if it is necessary to get a smoother focal profile,
one could broaden the bandwidth, and therefore would need to be able to
monitor the bandwidth.

Computerized data acquisition, archival, retrieval, and display SAIC
designed, tested, implemented, and used a computerized data acquisition
system using IEEE-488 instruments and the Unix operating system. The
system allows the user to take data from a set of instruments (cameras,
oscilloscopes, etc.), and diniultaneously archive and display the data. In
addition, the data can be retrieved from disk for later analysis.

The archival and retrieval software is written in ANSI C, and runs on
SCO Unix, DEC Ultrix, and SUNOS 4.1. The analysis and display software is
written in Interactive Data Language (IDL), a commercial product from
Research Systems, Inc.

SAIC has trained various members of the NIKE group in its use. It is
now being routinely used by the NIKE group, and it is planned to be used for
the plasma physics experiments.

Smooth beam amplification SAIC has worked with NRL personnel to
amplify the uniform beam through the 20 cm aperture amplifier (over 100 J in
4 ns). The results, obtained in August 1993, were presented by Tom Lehecka
of SAIC at the APS meeting. The abstract follows:

Production of Uniform Laser lumination with the NIKE Laser.*
* T. LEHECKA, A.V. DENIZ, J. HARDGROVE, Science Applications International

Corp., S.E. BODNER, K.A. GERBER, R.H. LEHMBERG, E.A. McLEAN, S.P.
OBENSCHAIN, C.J. PAWLEY, M.S. PRONKO, J.D. SETHIAN, J.A. STAMPER,
Plasma Physics Division, Naval Research Laboratory: NIKE is a KrF laser at
the Naval Research Laboratory designed to produce uniform illumination on

* flat targets for hydrodynamic and laser plasma interaction experiments. The
goals for NIKE include > 2 x 10 14 W/cm2 intensity on target (> 2kJ, 4 ns, 600
gtm diameter) and less than 2% RMS fluence nonuniformities. Approximately
one-half of the final system is operational and is currently being tested. To
date we have produced more than 120 J in a 4 ns pulse with 4% peak to valley

* linear tilts and 2% RMS deviation from a flat top profile. Modifications are
being made to reduce this below the desired 2% peak to valley tilt level.
Experimental results and future plans will be presented.
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*This work is sponsored by the U.S. Department of Energy.

Laser beam nonuniformity effects from random phase distortion and
nonlinear optical processes An investigation was performed in collaboration
with NRL scientists to determine the magnitude of laser profile distortion due to
random amplitude and phase nonuniformities, nonlinear refraction, and self-
seeded stimulated rotational Raman scattering. The investigation included
both numerical simulations and experimental measurements. This was
reported at the SPIE Conference on Laser Coherence Control: Technology and
Applications. January 1993 and is included in this report in Appendix B.

A number of earlier papers, posters, or talks in which SAIC participated
include:

0 "Design and Development of the NIKE 20-cm Aperture KrF Amplifier," a
poster presented at the Conference on Lasers and Electro-Optics (CLEO) in
Anaheim, CA, May 1990 (CWF45).

* "Production of Flat KrF Laser Focal Profiles with Echelon Free-Induced
Spatial Incoherence," a poster presented at the above CLEO Meeting (CWF47).

"Large Aperture Discharge Excited KrF Laser Amplifier Development for
the NIKE Laser Facility," a paper presented at the above CLEO Meeting
(CWG4).

"Optomechanical Considerations for the NIKE Laser," a paper presented
at the KrF Laser Technology Workshop in Banff, Alberta, Canada, September
1990.

"Overview of the NIKE Laser Facility," a paper presented at the IAEA
0 Technical Committee Meeting on Drivers for Inertial Confinement Fusion in

Osaka, Japan, April 1991.

"Energy Deposition and Extraction from the NIKE 200 -cm KrF
* Amplifier," a poster presented May 1991 at the Conference on Lasers and

Electro-Optics (CLEO) in Baltimore (CWF43).
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"NIKE Laser Optical Design and Propagation Issues," a paper presented
at the above CLEO Meeting (CTUI5).

"Production of Flat KrF Focal Profiles for Laser Fusion Experiments," a
paper presented at the above CLEO meeting (CTUI6).

* "High Fidelity Amplification of Light Using Induced Spatial Incoherence
for Laser Fusion," a paper presented at the above CLEO Meeting, May 1992, in

Anaheim, CA (CThI9).

*1 "Calculation of Focal Spot Distortion in the NIKE Laser," a paper
presented at the above CLEO Meeting (CFA2).

"Overview of the NIKE KrF Laser Facility," a paper presented at the IlIrd
Workshop on KrF Laser Technology at the Rutherford Appleton Laboratory in

Great Britain, November 1992.

"Effects of Random Phase Distortion and Non-Linear Optical Processes
* on NIKE Laser Beam Uniformity," a paper presented at the above Rutherford

Appleton Laboratory Meeting.

'The NIKE Optical System," a paper presented at the above Rutherford
• Appleton Laboratory Meeting.

"An ISI Oscillator System with Uniform Profiles," a paper presented at the
above Rutherford Appleton Laboratory Meeting.

"The NIKE KrF Laser Facility," a paper presented at the Division of
Plasma Physics Meeting of the American Physical Society, November 1992 in
Seattle, WA.

Mirror control system SAIC developed a mirror control system for the
NIKE laser system: the system controls more than 600 mirrors from a PC
located in the NIKE control room. The system was required to involve low

* power consumption for low heat dissipation. have low outgassing, and provide
easy user operation. A stepper motor was selected for our linear actuators to

6
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move the mirrors along the X and Y axes. A motor driver card was developed

that can drive 8 motors per card and allows for multiple cards per card cage. A
card cage is placed at each mirror array location in the propagation bay where

it performs the function of moving the stepper motors in the linear actuators.

In addition to the manual control an automatic system was developed in
which a camera system acquires the image of the laser beam, calculates the

centroid of the beam and determines the distance required to move the beam to

the center of the mirror.

An active damping system is currently being developed to stabilize the 20

and 60 cm mirrors from both ground vibration and large movements due to the
effects of the large magnetic fields being used with these KrF lasers. Currently

a preliminary prototype has been developed so that NRL will be able to evaluate
several different real time control systems.

Control system design and implementation The NIKE laser's controls
are implemented in split system consisting of a Modicon 984-485

programmable logic controller (PLC) executing critical control logic and U.S.
Data's Factory Link graphical operator interface running on a PC.

During this period tasks have included the following, among others:

Modification and expansion of the oscillator room logic and interfaces.

Control of the 60-cm high-voltage equipment.

Control of the 60-cm magnet power supply.

Expansion of the access controls to include the alleyways outside the

facility and motion detectors in the amplifier room.

Adding data recording of power-system parameters for trouble-shooting

support.

Adding the third operator display monitor.

7
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Automating the log-in process.

0 All changes are documented and backed-up. Backups are kept at NIKE and at

Pharos.

There have been a few minor problems to resolve during this period.
Included are the following:

The PC for FactoryLink was too small and slow. The replacement NRL
provided was incompatible with our hardware, particularly the multiple VGA
display adapters. I found another PC that met all requirements.

FactoryLink slowed down when the real-time trending displays were
added for the operator, to the point that it could not sustain the desired one-
second update rate. Some tasks were moved to the PLC, the priority of some
tasks was adjusted, and the earliest parts of the display logic were generally
cleaned up some. The display update Is now reliably once-per-second again.

More cleanup will be needed as the controls expand, but we are well over the

hump now.

The PLC's remote I/0 processor in the amplifier room crashed three
times with failure in the 60-cm high voltage system. The problem was traced to

* an unavoidable ground loop in an 18-inch caxlal cable buried in our cabinet.
This was fixed so that now one can take a Tesla coil directly to this coax cable
without looking up the processor, although there is about a 3 percent change
causing it to halt for about one second. No further problems caused by high-
voltage arcs have been observed.

The PLC ran out of logic memory long before we expected it to. The
problem was that we had inadvertently specified the wrong memory module for

0 it. Modicon shipped us the correct one for a couple of hundred dollars and the
small one in trade. Now the PLC memory is running about 50-percent

utilization.

* On-going tasks include the following:
Integration of the propagation bay into the safety system.
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Addition of the south Marx bank on the 60-cm amplifier.

Automation of gas and vacuum controls for the 20-cm and 60-cm

amplifiers.

Providing an integrated, automatic shot sequencer, including interfacing

with the data acquisition system.

Switching the 60-cm amplifier to the UVC power supply.

Expansion into the target area.

Supporting on-going installation and testing of laser system components

and subsystems.

Target area controls planning Preliminary plans have been made to

extend the control system's tentacles into the target area. These should gel

quickly as the target area construction is completed.

Amplifier magnet construction, installation, and testing The magnet

coils were designed about three years ago. During this period they were

fabricated, installed, tested, and are now in regular use. Tasks included the

following:

e Inspecting the magnet coils often during fabrication and participating in

their installation and testing.

* Designing and installing the power supply interface to the control

system.

* Analyzing the fabricator's field mapping data for NRL.

* Reviewing the electrical installation for proper grounding.

e Calculating and measuring power line distortion caused by the power

supply. As a result, we installed various constant voltage transformers

and back-up power supplies.

- Our original cooling estimates were incorrect and thus the magnet's

operation is limited to a lower duty cycle than planned. We designed an

9



improved cooling system, but the duty-cycle limitation has not been a problem
so NRL hasn't installed the improved system.

The power supply proved sensitive to interference from the adjacent high

voltage equipment, so we added appropriate shielding and filtering to solve the

problem.

60-cm amplifier test support We have provided as-needed support

throughout the installation and testing of the 60-cm amplifier. Included are

the following:

Designing and installing most of the control interfaces.

Trouble-shooting the Physics International controls and correcting the

* design to work with two Marx generators.

Trouble-shooting the UVC power supply when it failed. We found five

bad solder joints and several failed resistors, but UVC eventually traced the
* problem to a failed high-voltage capacitor.

Helping with the vacuum system and just about everywhere else non-

mechanical.

Three major remaining tasks on the 60-cm amplifier are the following:

Bringing up the UVC power supply again, since it has been repaired. We

* expect it will not tolerate the power line notching produced by the magnet

power supply. A line filter for it does not look economically attractive.
Remaining alternatives are time-staggering the two power supplies or running

in separate power for the UVC supply.

Getting the vacuum and gas controls into the control system.

Bringing up the south Marx generator. We have redesigned PI controls

* so they will function properly with both Marx generators, but we have not yet
installed the changes.

10



Safety We provide limited safety consulting to the NIKE project. This

activity has included the following:

Review of class 3b HeNe laser hazards,

safety walk-through,

contracting DOE and NASA facilities concerning inert-gas-filled spaces,
and

interviewing potential safety consultants.

The second and last items are continuing.

Program management consultation At NRL's request, Orville Barr of
Pharos Technical Enterprises and a consultant to SAIC served as an outside
reviewer of dry-runs for the DOE ICFAC KrF laser program review. He also

attended the review. Most comments were provided verbally, but one written
*1 summary also was provided. He provided comments on plans for the review,

starting several months before the actual review dates. He also provided
comments on NRL's plans for an earlier (December 1992) DOE review of part of
LLNL's ICG program.

Investigation of electron deposition and kinetic instability in an e-
beam-driven KrF laser A study of various Monte Carlo treatments of e-beamn
deposition was completed. In addition to the different results of the diverse

* models, neglect of return currents due to boundary conditions or electron
density buildup was investigated. The details of this analysis are presented in
Appendix C of this report.

* Strongly coupled plasma effects Possible stabilization of Rayleigh-
Taylor (RT} instability of ablatively accelerated foils caused by strongly coupled
plasma (SCP) effects has been analyzed as a general concept, as possible
explanation of earlier NRL experiments (Grun et al., Phys. Rev. Lett., 1987),

* and as a reason to pursue further experimental research on SCP. The
stabilizing influence of SCP effects, such as modification of equation-of-state,

11
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plasma viscosity, thermal conductivity, surface tension and mechanical rigidity
(in the case of plasma phase transition to the condensed state), estimated from

above in a most generous way, has been found insufficient for suppressing RT
instability, in particular, in the case of the experiment cited above. An

alternative explanation has been suggested for lack of observed perturbation
growth in the short-wave range in this experiment.

A report entitled "On possible stabilization of ablatively accelerated foils

by strongly coupled plasma effects" has been completed and presented to NRL.
The report includes some new analytic results, in particular, those of Sect. 3
(viscosity of a light fluid has been shown to be a stabilizing factor only as long
as th,- effective Atwood number differs from unity), and in Sect. 4 (RT
dispersion curves for a partly frozen fluid layer have been obtained). A detailed
discussion of the '87 NRL experiment concluding that its seemingly surprising

* results could be accounted for within conventional hydrodynamic theory, are
presented. The full report is included here as Appendix D.

A new approach to stabilization of ablatively accelerated foils, attempting
* to combine the advantages of the snowplow and dynamic stabilization

mechanisms has been suggested.

Stability of a shock-wave-driven acceleration of a plane stratified layer
* has been studied using the linearized Chester-Chisnell-Whitham (CCW)

equation. A shock wave propagating in the direction of increasing density has
been shown to be absolutely stable (amplitudes of perturbations decrease with
increased distance traveled by the shock wave). Since the CCW approximation

* is not justified for the planar piston problem (which is the most important one
in the context of laser fusion studies), self-similar solutions of gasdynamic
equations for the case of stratified density have been constructed. There are
some indications that the above conclusion concerning stability would not be

changed if the stability of these exact solutions was studied. A numerical
experiment aimed at elucidating this point has been suggested.

Opacity calculations Several important steps were taken to develop a
mechanism for reliably carrying out opacity calculations relevant to the NIKE
program. We make use of a technique developed by SAIC consultant, Bar-
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Shalom, that employs Super Transition Arrays and is known as the STA

method. The following elements were completed.

Configuration interaction In this work the theory that facilitates for the

first time the inclusion of configuration interaction (CI) in the calculation of

emission and absorption LTE spectra was developed. The theory is combined
with the STA method, bypassing the need for huge numbers of matrix
diagonalizations. Analytical expressions for the corrected intensities of super-

transition arrays due to CI were obtained. These analytic expressions serve as
working formulas in the STA codes and in addition, reveal a priori the
conditions under which CI effects are significant (Bar-Shalom et al., 1993a).

Orbital relaxation The treatment of orbital relaxation was improved. At

first for each super array the potential was optimized for the initial super-
configuration only. This was good enough for transition energies of the order of

the temperature. But comparison with measurements (Bar-Shalom, et al.,
1993b) has shown that for transitions of higher energy there is a need also to
optimize the potential of the upper super-configuration. This improvement was

applied to the code in a few steps and now the comparison with the available
experiments is satisfactory.

Scattering The treatment of the scattering of photons was improved by
* including two correlation effects: one due to exchange and the other due to

Coulomb interaction (Boercker, 1987). These effects are important in cases
where scattering is a dominant mechanism, i.e. high temperatures and high

photon energies.

Low temperature cases When the atom is almost neutral the Average
Atom (AA) model overestimates the contribution of negative ions (especially for

Hydrogen) since in this case the electrostatic interaction between the electrons,
which is ignored in the Boltzman factor in the AA model, is comparable to the

interaction with the nucleus. A special procedure which ignores negative ions
has been developed.

• Line shapes The line shape of the individual liMe is approximated by a

Voigt profile. The parameters needed for this profile are the intensity, the line

13



center, Gaussian width and Lorentzian width. The intensity and the line center

are obtained from STA calculations, the Gaussian width is the root mean

square of the STA and Doppler widths. The Lorentzian width due to collisions

with electrons is calculated by the method proposed by Dimitrijevic and

Konjevic 119801. We have improved the Lorentzian width determination using

the proper radial integrals and a different method for evaluating the collisional

cross section. Care is taken to include the line far wings in cases where they

contribute significantly to the opacity. For this purpose a new algorithm was

added to the procedure for calculating the Voigt profile.

B. Microwave and Millimeter Wave Experiments-1

At the start of this contract period a Ka-band gyrotron oscillator

experiment was completed. Using a 1-1.35 MeV multikiloampere beam from a
pulse line accelerator it generated approximately 250 MW at 35 GHz in a
circular TE6 2 mode with a peak efficiency greater than 10%. Details of this

experiment are included in this report in Appendix E, previously published in

Physics of Fluids B (1990).

An experiment was carried out using a gyrotron configuration in which

the electron beam current exceeded the vacuum space-charge-limited value.
This limit was circumvented by introducing background plasma produced by

* an array of four plasma guns positioned immediately downstream of the

electron gun anode. Details of this experiment have been published in Applied

Ph) --cs Letters in 1990; the paper is included in this report as Appendix F.

* A gyroklystron amplifier experiment was performed. The device operated

at an accelerating voltage of 1 MV, consisted of two cavities with fundamental
0

mode TEn 11 and demonstrated a linear gain of 15 dB, an unsaturated output

power -40 kW, and intracavity gain and power - 4dB higher. The second

* cavity tracked the driver cavity over a range of 300 MHz around a center
frequency of 35 GHz. This investigation was described in detail in IEEE

Transactions on Plasma Science (1990) and is included in this report in
Appendix G.

14
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C. Microwave and Millimeter Wave Experments-2

Efforts to increase the bandwidth of millimeter wave rf amplifiers are of
critical importance for applications such as high resolution
radar/communications and missile jammers for Navy
measure/countermeasure systems. In most applications, tenth of kilowatts of
rf power generated from low magnetic field and low beam power is required in
the frequency range of the Ka-band (26 - 40 GHz) and W-band (75 -110 GHz).
Today's most commercially available microwave tubes such as helix TWTs and
coupled cavity TWTs do not meet the Navy's tube development program needs
of rf power > 20 kW for millimeter wave radiation.

Gyro-TWT amplifiers can produce much higher power than the linear
beam devices due to a relatively large circuit dimension and thus higher beam
power injection in the circuit. Any uniform waveguide cannot produce an
instantaneous bandwidth of more than 3%, unless the wavegulde is loaded
with dielectric slabs or with a periodic structure so that the wave phase velocity
becomes constant over a wide frequency range in the slow wave region (vph <
c). Tapering the waveguide is another way of obtaining continuous phase
synchronism of beam and waveguide mode in the fast wave region (vph > c).
SAIC in collaboration with NRL researchers has designed two gyro-TWT
amplifiers that produce Ka-band radiation power of 50 kW in the frequency
range 29 - 36 GHz and W-band millimeter radiation of 10 kW, using a low
magnetic field.

I. Dielectric loaded slow wave cyclotron amplifier (SWCA)
With dielectric slabs insertd in the waveguide, the waveguide cutoff

frequency is shifted down and the waveguide becomes so much less dispersive
that the rf phase velocity is below the speed of light. The dielectric loaded slow
wave cyclotron amplifier is designed so that a constant wave group velocity is
maintained over a wide frequency range when the wave group velocity in the
dielectric loaded waveguide is close to the beam axial velocity in the slow wave
region (Vph < c). The amplifier ? operated with low external magnetic field
(lower by a factor of 2 compared to fast wave gyro-devices) and wide bandwidth
(> 20 %) in the Ka-band frequency range.

15



In the design of the amplifier, there are several issues to take into

account: (1) high quality electron beam formation and propagation, (2) amplifier

40 stability and performance, (3) broadband rf coupler and vacuum window, and

(4) dielectric heating.

The designed interaction is a first harmonic TEx I O-even interaction to

0 reduce mode competition and enhance interaction efficiency. A strong second
harmonic gyro-BWO of a TEx10-odd mode might limit the bandwidth of the

amplifier. A two-stage circuit with a sever has been configured to achieve
stable operation of the SWCA without oscillations in the higher order modes.

* Another reason that a sever is inevitable in the circuit is that, since the
dielectric mode converter is designed such that only TExl0-even mode in the

dielectric loaded circuit can couple with the TE1 0 mode in the standard Ka-

band waveguide, all other hybrid modes might be excited by a beam instability

* and would be completely trapped in the circuit. Using a non-linear slow-time-
scale code developed by NRL (Ganguly and Alm, 1990), SAIC examined the
large signal performance on the two-stage SWCA. It predicts a saturated

efficiency of 17 % (output power > 50 kW), a gain of 28 dB, and bandwidth of
* 20%(29-36GHz) atV=60kV, I=5A,a= 1, Avz/vz=2%(Choietal.,

1992). The efficiency is very sensitive to the velocity spread. This is because

the SWCA interaction takes place at large values of the propagation constant,
1q1. The paper by Choi et al is included in this report as Appendix H.

One of the main concerns in the dielectric loaded circuit was an issue of

electron beam interception on the dielectric and charge drain-off. Since the

peak rf field is located in the dielectric in the slow wave region, the beam

should be propagated close to the dielectric surface for high efficiency.
However, in practice, a beam radius (or, a Larmor radius in an axis-encircling

beam) can not be more than 0.9 d because of difficulties in aligning a beam

axis to a magnetic field axis and in having a straight field axis. In the present

* design, a 30 mil clearance between a beam and a dielectric surface was chosen.

SAIC developed a double ridged circuit to prevent electron beam bombardment

on dielectrics. It consists of two dielectrics lined on the waveguide narrow
walls and four metal ridges next to the dielectrics. Beam-wave coupling in the

* ridged circuit is expected to be stronger than the circuit without ridges because

a peak electric field shifts from the dielectric region to the vacuum region.
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Rf couplers in the SWCA should have a broadband coupling
characteristic. In addition, a return loss on each component has to be better

than the gain of the amplifier. Both a directional coupler and a mode converter
were designed by SAIC so that the maximum rf power can be transferred into
the desired mode in the circuit, TExlO-even mode. Cold-tests on the 1.5" long

compact directional coupler show a coupling value of -0.4 dB in the frequency
range of 22.4 to over 40 GHz, which corresponds to -3 dB bandwidth of 60%

(Choi et al., 1993a). A broadband rf vacuum window should cover the
bandwidth of the amplifier. In addition, the window material is chosen for good
thermal conduction with low heat loss. SAIC designed and cold-tested a
broadband rf window which is a three step 1/4 wavelength long BeO dielectric
(Choi, et al., 1993a]. Cold-tests on the rf vacuum window show a return loss of
better than -20 dB in the frequency range of 24 - 37 GHz.

The dielectric material chosen is a Transtar (99.9 % of A1203). It has a
relative dielectric constant of 10.1, low loss tangent (10-4), and very high bulk

breakdown field (- 190 kV/cm). It is known that the dielectric properties
change temperature. It has been pointed out by SAIC that the temperature

*Q change due to a finite loss tangent and the risk of electron beam heating on the
dielectric could result in rf pulse shortening. Therefore we suggest monitoring
the temperature rise during experiments. A circuit has to be designed for good
heat conduction to the outside. The paper by Choi et al (1993a) is included in

* this report as Appendix I.

II. Frequency multiplied harmonic gyro-TWT amplifier

Broadening bandwidth in the fast wave interaction is achievable by
* tapering both waveguide and magnetic field along the axis. A frequency

multiplied harmonic gyro-TWT amplifier has unique features that will meet the
requirements of the Navy electronic countermeasure system. It is designed to
operate the amplifier at a low magnetic field that can be provided by a PPM

* (periodic permanent magnet) while the bandwidth can be maintained over 10%
(90 - 100 GHz) in W-band. The interaction circuit consists of two linearly
tapered waveguides of rectangular cross-section separated by a uniform drift
section. The two stage configuration is used to isolate the input and output

* signals and to enhance the gain and efficiency by pre-bunching the beam. The
concept of "frequency multiplier" was first introduced in the US by SAIC and
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NRL researchers (Choi et al, 1993b); a low frequency drive signal (Ka-band) is

injected in the tapered input section to modulate the gyrating beam and
amplified radiation in the tapered output section is extracted with frequencies

(W-band) increased by a factor of the harmonic numbers. The beam-circuit
clearance in the output circuit is tight since the operating mode is chosen to be

the lowest rectangular waveguide mode. Due to such a tight beam clearance,
the output circuit was designed to be of square cross-section. Longitudinal

slots parallel to the desired electric field were needed to radiate the undesired
polarized TE 10 mode from the circuit and be absorbed in the lossy dielectric

slabs. For maximum radiation of the undesired polarization without affecting
the desired TE 10 mode, the slot width should be 4 to 6 mils and the thickness
in the range of 30 - 40 mils. The clearance for a hot beam (Avz/Vz = 2%)

changes from 10 mils (at the location with the smallest width) to 20 mils along
the output circuit. This corresponds to a beam filling factor of 50 - 68%, which
is acceptable for a W-band circuit. It is crucial that the magnet provides a

straight field over the circuit length for good beam propagation. There is no

concern about beam Interception in the input section because the circuit
width, which determines cutoff frequencies. is made three times wider than the

output circuit width. The details of this work are described in Choi et al
(1993b) which is included in this report as Appendix J.

SAIC examined the performance of the frequency multiplied harmonic
gyro-TWT amplifier by the use of a large signal code that was developed by NRL
researchers (Ganguly and Ahn, 1984). The code predicts a saturated gain of 30

dB, an efficiency of 10% corresponding to 10 kW radiation output in the
frequency range of 90 - 100 GHz at AVz/Vz = 2%. 50 kV, 2 A. a = I to 1.4.

Input (Ka-band) and output (W-band) couplers will be multi-hole directional

couplers similar to that mentioned in the SWCA. A coupling value of better

than - 0.4 dB over 70 - 110 GHz is predicted by a 3-D electromagnetic code,
HFSS (HP High Frequency Structure Simulator User's Reference, 1992). A W-

* band rf vacuum window will be a three step 1/4 wavelength BeO. HFSS
simulations show a return loss better than - 25 dB in the frequency range of 90

- 100 GHz. A paper submitted to the IEEE Plasma Science Journal entitled,
"Design of a 50 kW, Broad Ka-Band Slow-Wave Cyclotron Amplifier" is included

* in this report as Appendix K.
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D. Studies of Novel Accelerator Concepts and Free Electron
Lasers

1. Magnlcon Amplifier

The magnicon employs a scanning beam that is obtained by the passage

of a magnetized pencil beam from an electron gun through a deflection system

to generate microwave radiation. The magnicon has the potential of extremely

high efficiency and is therefore a candidate to power future high-gradient radio-

frequency accelerators. We have employed a combination of analytical methods

and numerical codes to study and design a magnicon amplifier for operation at

X-band (11.4 GHz) at NRL. Cold tests of the cavities are in progress at the

magnicon laboratory.

2. Diffraction of Directed Beams
Propagation of directed beams of electromagnetic radiation is of interest

in a number of applications including power beaming and remote sensing. A

number of researchers have proposed and analyzed novel electromagnetic
wavepacket forms, claiming superior propagation characteristics as compared

to conventional Gaussian wavepackets. We have made a detailed analysis of

these proposals. Our conclusion is that in every case a careful comparison
reveals that the claimed superior propagation property is unfounded. These

results have been described in more detail in two publications: (1) Journal of

the Optical Society of America A (1991) and (2) Physical Review Letters (1991).
They are included in this report as Appendices L and M respectively.

3. Synchrotron-Betatron Parametric Instability in Free-Electron Lasers
It is shown that the nonlinear coupling of the synchrotron motion and

the betatron oscillation of electrons in free-electron lasers leads to an instability
which grows exponentially in time. This parametric instability is of a different

physical character from those analyzed previously. This work has been
described in more detail in two publications: in Physical Review A (1990) and in
Nuclear Instruments and Methods in Physics Research A (1990), which are
Included in this report as Appendices N and 0 respectively.

19



4. Electron-Beam Quality in Free-Electron Lasers
The beam quality requirement in free-electron lasers (FEL) is often

expressed as X = ne, where X is the wavelength and e is the unnormalized

emittance. We have obtained a generalization of this expression valid for an

FEL in the gain guiding regime of operation. This work has been described in

more detail In a publication in Nuclear Instruments and Methods in Physics

Research A (1990), which is included in this report in Appendix P.

5. Effect of Tapering in Free-Electron Lasers
We have performed numerical simulations of a high-power free-electron

laser. We have shown that tapering improves the quality of the optical beam by
reducing the growth of sidebands. Additionally, we find that as the tapering

rate increases, the effect of refractive guiding is significantly reduced. This

work has been described in detail in two publications: (1) Physical Review

Letters (1990) and (2) Nuclear Instruments and Methods in Physical Research

A (1990), which are included in this report as Appendices Q and R respectively.

E. Studies for the Modified Betatron Accelerator (MBA)

SAIC made substantial contributions to the analysis and simulation of

NRL's modified betatron accelerator (MBA) experiment up to the time that the

program was terminated in mid 1992. Much of the work is included in the NRL
Memorandum Report entitled, "Final Report, The NRL Modified Betatron

Accelerator Program," NRL/MR/6793-92-7161 (1992) included in this report as

Appendix S. Specific elements of SAIC's contributions are described below.

1. Using the Poisson code, a Poisson equation solver, SAIC designed the

extractor component compatible with the extraction scheme that was to be

implemented for the beam extraction in the MBA. The scheme for the ring

extraction was based on three stages. During the first stage, the ring is

displaced radially outward by mismatching the vertical magnetic field to the

electron energy with a local time dependent magnetic field (T = 5-10 gsec).

During the second stage, a local vertical magnetic field disturbance, generated

by the agitator coil, transforms the ring into a helix in the toroidal direction.

The minor radius of the helix increases with each passage through the agitator
coil (T = 40-60 nsec). Finally, during the third stage, the electrons reach the
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extractor (the component designed by SAIC), which has the property that it
cancels out the external magnetic fields transverse to its axis. Thus, the
electron ring unwinds into a straight beam [r = 2nsec). This work has been

described in more detail in a presentation given at a technical review workshop
in June 1989. It is included here as Appendix T.

2. SAIC made extensive calculations for the design of the stellarator
windings that were implemented in the MBA and led to the successful
acceleration of the beam. It can be shown that, due to the large values of the
stellarator field index at the initial stage of the acceleration, the beam
confinement is Improved with strong focusing. Initially, stellarator and
torsatron winding configurations were considered. Both configurations have
advantages and shortcomings. The stellarator configuration was finally
selected not only because of the small net vertical field and the lower current
per winding but also because it was compatible with the contemplated
extraction scheme. The stellarator current must be appropriately chosen;
otherwise it may cause an unstable behavior of the beam centroid due to the
integer resonances of the bounce and strong focusing modes of the stellarator
windings (see, for example. Fig. 23, on p. 121 of the final report in Appendix S).
Further details can be found in two papers: (1) Proceedings of SPIE (1990)
included here in Appendix U and (2) Physical Review Letters (1990) - Appendix
V.

SAIC analyzed and interpreted the experimental data from the
acceleration experiments that were associated with the cyclotron resonances
present in the device during acceleration. The experimental results were also
consistent with the excitation of the electron-cyclotron instability, which is
caused by the coupling of the electron-cyclotron mode with the TEII waveguide
mode of the torus. Attempts were made to measure the poloidal and toroidal
fields of the electromagnetic modes inside the torus. Measurements with
wideband probes yielded null results. Therefore, the beam loss was attributed
to the crossing of the electron cyclotron resonances, i.e.. when the ratio of the
toroidal to the vertical magnetic fields becomes an integer. The excitation of
these resonances is due to field errors in the toroidal or vertical external
magnetic fields. Additional details of this work can be found in Appendix V,
referred to above, and in a paper published in Physics of Fluids (1991) and
included in this report as Appendix W.

21
Ii



4. The diffusion of the magnetic field through a toroidal conducting shell was
studied under the assumption of small aspect ratio. The external field that
diffuses into the toroidal shell can have an arbitrary field index and magnetic
flux on the minor axis of the torus. The diffused field, field index, magnetic
flux and wall current were computed analytically and compared with the
numerical results from the TRIDIF code. Three time constants determine the
evolution in time of the diffusion process, namely, the L/R time, co, the
diffusion time, tq, and T2 =, i/2. The delay time depends linearly on ro rl, and

also on the flux condition of the external field. The agreement between the
theoretical and numerical results was quite good. A measurement of the delay
time in the toroidal chamber of the NRL modified betatron gave a delay time
equal to approximately 34 iLsec, i.e., less that 10% smaller than the theoretical
value of 37 •sec. The main conclusion of the study was that the diffusion
process in a toroidal conducting shell is much more complicated than that in a
conducting cylinder. Therefore, the results for a cylinder cannot be generalized
to apply to a toroidal device. This work has been described in more detail in a
publication in the Journal of Applied Physics (1991) and is included here as
Appendix X.

5. The diffusion of the self magnetic fields of an electron beam through a
resistive toroidal chamber was studied. The computed image fields were used
in explaining the resistive beam trapping in the MBA immediately after the
beam injection. The resistive trapping is due to the negative radial component

of the image magnetic field of the beam that acts on its centroid, when such a
beam moves poloidally inside a resistive chamber. This field component
crossed with the axial (toroidal) velocity of the beam produces a poloidal force,
which is in the opposite direction to the poloidal motion of the beam. In the
absence of strong focusing and when the self-fields dominate the external fields
(high-current regime), the poloidal force in conjunction with the axial (toroidal)
magnetic field drives the beam to the wall (drag instability). However, in the
presence of strong focusing the direction of the poloidal motion can be reversed
and the beam spirals to the minor axis. Two modifications were introduced to
the original resistive trapping model. First, the beam motion is not limited near
the minor axis and therefore nonlinear effects and the fast diffusion times
become important. Second, in order to take into account the intermediate
motion of the beam that was omitted in the calculation of the image fields of
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the beam, the wall surface resistivity was completed using the skin depth that

corresponds to the frequency of the intermediate mode and not the actual

thickness of the chamber. With these modifications, the revised model of

resistive trapping is in agreement with the experimental observations. Further

details concerning this investigation can be found in two papers: (1) Physical

Review A (1991) included here as Appendix Y and (2) an NRL Memorandum

Report (199 1) presented here in Appendix Z.

6. Beam trapping in the modified betatron could be achieved by means of a

localized bipolar electric field pulse rather than a magnetic field pulse that was

actually used in the experiment. The pulseline that generates the bipolar

electric pulse was constructed and tested but was not installed in the MBA.

SAIC's contribution in the paper by J. Mathew et al. was the computation of

the eigenfunctions and eigenvalues in a toroidal cavity that supports quasi-TE

and quasi-TM modes. This paper is included here as Appendix AA and was

published as an NRL Memorandum Report (1992).

7. SAIC investigated the dynamic behavior of an electron ring close to a

cyclotron resonance in a modified betatron accelerator. In the presence of a

vertical field error, there is a threshold value of the field error amplitude that

separates two distinct regimes. Below threshold (Fresnel regime) and for zero

initial perpendicular velocity, the perpendicular velocity increases by a finite

amount as the resonance is crossed. The increase, as well as the time it takes

to cross the resonance, are inversely proportional to the square root of the

acceleration rate. Above threshold (lock-in-regime), the perpendicular velocity

is proportional to the square root of the acceleration rate and increases with

the square root of time while ffie remains on the average constant, where y is

the relativistic factor and [0 is the ratio of the ring toroidal velocity to the

velocity of light. Therefore the ring locks into the resonance. The threshold is

predicted by the slow equations of motion that were derived by averaging out

I the fast cyclotron motion. The origin is the nonlinear dependence of Tf0 on the

perpendicular velocity and the fact that the cyclotron frequency is inversely

proportional to yp0e. Possible ways to increase the threshold were studied. One

possible way is to increase the acceleration rate, since It was shown that the

threshold value is proportional to the 3/4 power of the acceleration rate.

Another possible way is dynamic stabilization, i.e., the addition of a small time-
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dependent field to the main toroidal field, which provides an effective increment
to the acceleration rate if it has a negative time derivative during the resonance
crossing. Finally, the multiple crossing of the same resonance was analyzed in
the presence of dynamic stabilization with some interesting results (see, for
example, Fig. 14 in the paper in Phys. Rev. 47, 2043 (1993), included here as
Appendix BB. Additional details have been presented in two SPIE Proceedings
(1991 and 1992) included respectively in Appendices CC and DD and in an
NRL Memorandum Report (1992) included in Appendix EE.

F. PHAROS HI Studies

Several studies were carried out by SAIC researchers in support of
PHAROS III Nd-glass laser experiments performed at NRL. In one study the
effect of induced spatial incoherence (ISI), a beam smoothing technique to
provide highly uniform illumination for direct-drive laser fusion, in suppressing
certain deleterious plasma instabilities was investigated. Suppression had
been noted for stimulated Raman scattering (SRS) and stimulated Brillouin
scattering (SBS). In these experiment3 ISI reduced 3 o)/2 emission from laser-
irradiated targets at 0.53 gm. However, the mechanism appears to differ from
suppression of SRS or SBS. This has been described in more detail in a
publication in Physics of Fluids B (1991), included in this report as Appendix
FF.

An experiment to investigate instability mechanisms in laser-produced
plasma jets was carried out at NRL. It used the beams from the PHAROS III
Nd-glass laser operating at wavelength 1054 nm, employed 2 ns pulses with
energies between 30 and 300J. Dramatic structuring instabilities developed
with growth rates much larger than characteristic of Rayleigh-Taylor or Kelvin-
Helmholtz. The results represented the first detailed observations of large-
scale-length electron-ion hybrid instabilities in a laser-produced plasma. This
work has been published in Physics of Fluids B (1992) and is included here as
Appendix GG.

An experiment to investigate the large Larmor radius regime was carried
out. The plasma is formed by placing a small Al disk target in the focal region

* of one or two beams of the PHAROS III Nd laser. In this regime in which the
expansion speed is sub-Alfvenic the experiment demonstrated linear and
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nonlinear properties of a flutelike instability. The observations are similar to
those from barium releases in the Active Magnetospheric Particle Tracer
Experiment (AMPTE) and from the Combined Release and Radiation Effects
Satellite (CRRES) magnetospheric barium releases. This work is described in
detail in a publication in Physics of Fluids B (1993) and appears here in
Appendix HH.

G. Electron Beam Diagnostics

The NRL SuperIBEX accelerator produces an intense relativistic electron
beam (I--15kA, E=5MeV). SAIC researchers played a major role in developing a
Faraday cup to measure time-dependent relativistic electron beam profiles.
Details of this diagnostic and the experimental measurements are described in
the Review of Scientific Instruments (1991); the publication is included in this
report in Appendix II.

H. Microwave Energy Deposition in the Upper Atmosphere

*5 During the last contract period the utilization of microwaves and lasers
developed at the Plasma Physics Division of the Naval Research Laboratory to
accomplish remote monitoring of the atmosphere, stratosphere and ionosphere
was assessed. Results of the ongoing effort were often presented orally during

* the duration of the contract. An important milestone of the effort was the
invention of a novel technique for optical diagnostic of the minority
atmospheric constituents in the troposphere and the stratosphere. A brief
description of the technique follows:

* The technique relies on excitation of atoms and molecules of minority
species by electron impact during and following impulsive atmospheric
breakdown. Radio waves in the 2-15 GHz range generated on the ground and
focused using a 34 meter dish at the relevant atmospheric altitude can trigger

* breakdown If the combination of pulse length and effective radiation power
(ERP) exceeds a threshold whose value depends on a combination of
atmospheric and microwave parameters. Electron fluxes with energy up to 30
eV are produced during the ionizing pulse. During both the energization stage

* and the cooling stage the electrons deposit their energy in the atmospheric
atoms and molecules. The excited atoms and molecules radiate part of this
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energy as prompt or delayed emissions in the visible, UV and IR bands. By
measuring the emission rate due to minority species whose diagnosis is desired

* and by comparing them to the emissions from majority species such as 02

their mixing ratio can be determined and monitored with high accuracy.
Altitude profiles can be determined by changing the focal spot of the
microwaves. The technique allows for measurement of winds and atmospheric

* turbulence by following the after glow transport.

During the past contract period a strawman facility was designed. The

facility was based on 10 GHz microwaves focused by a 34 meter dish at 30-50
* kkm altitude. Pulse lengths of the order 10-50 nanoseconds were required for

power of the order of a few Gigawatts. A strawman diagnostic system was also
designed. Photometers as well as lidars were considered. An assessment of
the capability of such a system indicated that it can detect species with mixing

* ratios below one particle per trillion. Experimental parameters for a laboratory
proof of principle were also determined. Comprehensive analysis is presented
in a paper accepted for publication by the Journal of Geophysical Research.

* 1. Visualization Tools and Parallel Prucessing for Physics
Applications

The following outline describes visualization tools, software development
and other support provided by SAIC to NRL researchers for a variety of physics

• applications.

1. SAIC designed a 3D visualization tool to model the position in space
of magnetic windings around a half-torus accelerator. The data for

• the magnetic windings' location in space came from the input deck
to the Mafco magnetic field solver code. By using this input deck

SAIC was able to produce images that were directly related to the
proposed experimental setup. After debugging the visualization

* code, SAIC used it to analyze the location of the windings and to
determine if the windings were correctly terminated. These
terminations were impossible to locate without the use of the
visualization software because their location was represented by

* several input parameters and mathematical functions. This software

provided a check for the Mafco input parameters.
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2. SAIC also improved the IDL point plotting package and supplied a

user's tutorial for this package.

3. SAIC researched potential graphical interfaces to determine the

optimal setup for executing acoustical simulations.

4. SAIC developed a series of software tools for manipulating the GDEM
soundspeed database. These tools made It possible to update the
database and to account for physical phenomena such as the
movement of the Gulf stream. SAIC also designed and developed
tools to map regions of the ocean and to graphically display their
sound speed profiles. It is now possible to examine specific latitude
and longitude locations and to determine the sound speed profile at
each location. This tool was used to add the region of the Tasman
sea to the GDEM database in order to numerically study this region.

5. SAIC ported several computer codes from the VAX environment to
the SGI workstations. This conversion involved replacing VAX
specific FORTRAN code, interfacing with newly developed SGI
graphics routines and solving problems arising from VMS-UNIX
incompatibilities.

6. SAIC developed a point plotting package for the SGI workstations to
handle visualizing lineplotted data and providing output to the
Tektronic color printer.

7. SAIC integrated their point plotting package Into a simulated-
annealing propagation code. The resulting code generated a multi-
window display which graphically kept track of several key variables

* at run time. This animation provides scientists with a method for
determining the accuracy of their model in real time. This code was
successfully used to analyze data during an at-sea experiment.

* 8. SAIC created software to generate a 3-D representation of the GDEM

sound speed database. The results generated by this program were
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used as input to a 3D visualization program which was also
improved by SAIC.

9. SAIC developed a conversion program on the VAX to read output
data collected from a matched-field processing run and created a file
that could be viewed by graphics code on the SGI workstations. To
facilitate the data transfer between the VAX and the SGI
workstations, SAIC implemented the TRANSL8 software. SAIC has
subsequently translated several other data files into an SGI format.

10. SAIC developed comprehensive documentation for their point
plotting package to allow stand-alone use at sea.

11. SAIC integrated the HITS ship-location database with the matched-
field processing (MFP) code so that ship noise could be more
accurately modeled in propagation simulations. This integration
involved modifying the MFP code and porting mathematical library
functions from the IMSL library. Several random ship distributions
were created using this software. Graphical descriptions were then

generated to depict these ship distributions as well as the average
ship distributions as reported by HITS. These descriptions were
combined with the MFP command file to create target detection
simulations. These combinations were tested for several cases with
varying source levels and ship distributions. The results were used
to help determine the position of experiments in order to minimize
the interference due to ship noise.

12. SAIC tested frantmaker and instructed government personnel in the
use of this de.ktop publishing software. SAIC also served as a
reference for scientists and analysts to deal with issues concerning
the use and applications of the UNIX operating system.

13. SAIC (in collaboration with NRL and PSI) continued a major research

effort using the Connection Machine 200 under the 6.0 version of
CMFortran. This effort involved upgrading several existing routines
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and solving Incompatibility problems arising due to the differences
in the SUN and SGI operating platforms.

40
14. The team included the backscatter correction in the Wide Area Rapid

Acoustical Prediction (WRAP) model and implemented this version
on the Connection Machine 200.

15. The team redesigned the connection machine code to take advantage
of some parallel structures that needed representation in polar
coordinates. The connection machine architecture had drastically
limited the Cartesian model because several times more grid points
were needed to describe the area in Cartesian coordinates and
because the Cartesian layout caused many processors to attempt to
collide when accessing data arrays. This conflict was avoided in the
polar model because redundant grid points were eliminated when
describing the 256x256 millimeter Cartesian grid. The algorithms
were also tailored toward the other coordinate system. In polar
coordinates the radials were independent so that eachradial could be
calculated in parallel. This parallel structure allowed processors to
be used to calculate several acoustical modes at once. This savings
in processor allocation increased the performance of the
backscattered wrap model several times.

16. SAIC designed a series of cshell scripts to analyze data collected at
sea. These scripts automated many of the repetitive data processing
programs. By using this method, several man-weeks were saved.

* Subsequently, SAIC modified several of the scripts to increase
efficiency for other projects as well.

17. Sediment Inversion Model: SAIC used the Simulated-Annealing
* method for perturbing parameters to determine the optimal model

for ocean sediment properties in the specified region. After
perturbing the parameters the model generated a file containing the
acoustic modes. This mode file propagated the signal from source to

* receiver along the path used for taking the experimental data. The
model then generated a transmission loss plot along the
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experiment's track. The simulated transmission loss (TM) array was
then compared against the experimental TL curve. Based on the
results of this comparison the parameters were kept or rejected and
the process restarted. A cooling schedule was set up limiting the
number of changes in parameters to be accepted based on how
many time steps the program has advanced. The model yielded
some promising results.

18. At-Sea Experiment Track Determination Simulation: SAIC used the
Parabolic Equation model for acoustic propagation monitored by
Kevin Heaney to determine the difference in accuracy of
transmission loss data taken for several radials at different angular
spacing. This information was used to determine the experiment's
track in order to maximize spacing between radials while minimizing
loss of accuracy. This project is still in progress and has generated
graphical manipulation spinoffs.

19. Focalization Code: SAIC used a trial source determination method
which locates a source when limited environmental data is available.
While this technique is not reliable if information is available for
source (or receiver) location only, it is quite successful with specific
information available at both source and receiver locations.

20. Global Positioning: SAIC tested the data collection process of the
Global Positioning System (GPS) and wrote a users manual that
enabled scientists to set up and collect data for several at-sea
experiments.

21. SAIC automated several programs to perform repetitive tasks and to
enable the codes to handle their own operation. This automation
saves time and increases productivity.

22. SAIC interfaced the acoustical Parabolic Equation code with a
graphical software application so that the program generated
animated graphics as the acoustic modes propagate in range. These
animations were used as a video for presentation.
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23. SAIC was first author on a paper that appeared in Shock Waves.
Proceedings of the 18th International Symposium on Shock Waves,

(1992) entitled "Enhanced Mixing from Shock-Generated Turbulence

in Dusty Air," by P. Boris, J. Boris, R. Hubbard, E. Oran, and S.

Slinker. This paper is included in this report as Appendix JJ.

24. SAIC, working with PSI and NRL, continued modeling reverberation
properties using the Connection Machine Backscatter-Wrap code.

The paper, "Reverberation Modeling with the Adiabatic Normal Mode
* Model Applications to the ARSRP Experiment," by D. Dacol, P. Boris,

E. Jennings, and E. Kim, shows the reverberation information

graphically. This paper is included here as Appendix KK.

* Several other papers have resulted from the work described above. They

are included in the Appendices as follows:

"Hydrodynamic Simulations of Beam-Generated Turbulence in
*1 Channels," P. Boris, J. Boris, R. Hubbard, E. Oran, J. Picone, S. Slinker; NRL

Memorandum Report 6677, "NRL 1989 Beam Propagation Studies in Support
of the ATA Multi-Pulse Propagation Experiment." SAIC also presented number
iii. at the DARPA SDIO Charged Particle Review 1990 as a poster. See Appendix

* LL.

"Beam Propagation in Channels," R.F. Hubbard, S.P. Slinker, R.D.

Taylor, R.F. Fernsler, A.W. Ali, G. Joyce, and P. Boris; NRL Memorandum
* Report 6675: "NRL Beam Propagation Theory Studies in Support of SuperIBEX,

PULSERAD, RADLAC, PURE, and DELPHI." See Appendix MM.

"Foil Focusing for Transport and Conditioning," R. Fernsler, R. Hubbard,

* S. Slinker, P. Boris, Proceedings of 1989 DARPA/SDIO/Services Charged
Particle Beam Propagation Review. See Appendix NN.

Two additional contributions: 'Wire Cells I: Vacuum" in Appendix 00
*0 and "Beam Stability and Range Extension Predictions for the ATA Multi-Pulse

Propagation Experiment" in Appendix PP.
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APPENDIX A

A Kr•F Oscillator System with Uniform Profiles
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1. Introdmecdm The NIKE KrF laser system (19-211 currently
under construction at the Naval Research Labora.

One of the requirements for hish-ain direct-drive tory, is being built to have focal profiles that are un-
inertial confinement fusion is a highly symmetrc form enough to produce ablation pressures flat to
implosion of the spherical fuel pellet. Ablation pres- within 2% on planar targets NIKE will use the ecd-
sure nonuniformites less than a few percent are elonfree induced spatial incoherence (EFISI) tech-
thought to be required. If an ultraviolet wavelength nique 131 to produce 60 time diffraction limited flat-
is used (which couples more efficiently to the target top focal profiles with at least two kilojoules in 4 as
than longer wavelengths), then there is only modest on target.
lateral smoothing of the ablation pressure I 11. The EFISI technique is illustrated in fg. 1. An os-
Therefore, success with direct drive laser fusion re- cillator with spatially incoherent output illuminates
quires the development of techniques for highly uni- an object apmura, whose image is relayed by the two
form illumination of fuel pldlets. It is perhaps ir- lenses to the image plane. Lgh from each point in
possible with today's technology to have a uniform the object aperture illuminates an aperture at the
focal illumination with a nearly diffraction limited Fourier plane with the same intensity. The lgh
beam. Progress has instead been made by methods passes through the object apertur is amplified at
that employ controlled spatial and temporal incoh- the Founer plane. and is then focused at the image
erence with focal profiles that are smooth when av-
erased over many temporal coherence times [ 2-11l.... ..
These smoothing techniques have been shown to re- - I
duce laser plasma instabilities (12-i 1. However. ,.-- I

with existing high energy glass lasers, peak-to-valley - -- "

focal nonuniformnies still are typically - 10% with F'u I.A urnph dshMgatof the eell omdad sgmdal
these techniques (9-I1 ). anchue tcniue.

0030-401l/93/SO.00 1993 0 IM evr Scirn F Ma SM. AU tibut mwt
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plane. With the EFISI tecnnique. the image profile formly by eacti point in the object aperture. as re- •
would not be strongly affected by the spatial non- quired by the EFISI technique.

uniformity of the amplifier gain because light from The next section describes the oscillator setup in

each point in the object aperture is amplified by the greater detasi and presents its measured character-

same amount. Also. because the image is already isucs. Section 3 presents details of the pulse siacin:

many times diffracuon limited, it will not be strongly system. Section 4 presents details of the imager usea

affected by the phase aberrations of the laser system. to measure the profiles. Section 5 presents the focal 9
There are several requirements that the oscillator profiles and the algorithms used to evaluate them.

must meet: Section 6 summarizes the results and presents the

(i) The light at the object aperture must have suf- conclusions.
ficient spatial incoherence (divergence) to fill the
Fourier aperture.

(ii) The oscillator output must have sufficient 2. The Oscillator system 9
temporal incoherence to produce a time-averaged
smooth profile. As menuoned in the introduction. the oscillator

(iii) The tight at the object and Fourier apertures output must be spatially incoherent so that it can

must produce a uniform flat-top profile at the image produce a beam that is many times diffraction lim-

plane. ited. The focal profile does not then depend strongly

(iv) The light from each point in the object ap- on the phase errors encountered during propagton.

erture must illuminate the Fourier aperture with the The focal profiles presented are 60 times diffraction

same profle, limited, although the NIKE system has been de-

Requirements (i) through (iii) are perhaps signed to propapte beams which are up to l20 times

straightforward. Requirement (iv) is necessary so diffraction limited without vietting. If both the

that the focal profile be insensitive to gain nonuni- object and Fourier apertures are circular. then the

formities of an amplifier located at the Fourier plane. beam is Nd times diffraction limited with 0

These requirements are dj-issed in the next secton. ,d Dd/A, (i)
Here we report on oM'KrF oscillator system with where D is the Fourier aperture diameter, d is the

unconventional resonator optics that has come close object aperture diameter. , is the wavelength of the
to meeting the above requirements. This oscillator, light (248 am), and f is the focal length of the lens

with a two stage Pockels cell pulse slicer, produces 4 betwee the object and Fourier apertur
ns flat-top focal profiles (using an f/130 lens) with The second requirement is that the oscillator out-

tilts on the order of 1% and the temporal coherence put be temporally incoberenL At any given time. the
time of 0.6 ps. When a nonuniform amplifier gain focal profile is a complicated speckle pattern. After
was simulated by oocking half the Fourier aperture, one coherence time, it is a different pattern. The
the tilts were still less than 3%. This system ap- measured profiles are time-integrated, so that if the
proached the focal uniformity goals for the NIKE measurement is made over more coherence times.
laser, then both the shot-to-shot variation due to the spec-

In this oscillator, the laser medium is imaged back kle and the random variation from one coherence r
onto itself by the resonator optics. Thus a photon that zone to the next •i ecreased. The coherence time
makes a large angle with the longitudinal axis will must be short enough so that these variations are not
still pass through the laser medium. even after many too large.
transits (unless the angle is so large that the finite The third requirement is that light from each part •
size of the laser chamber windows blocks it). The of the object aperture illuminate the Fourier aper-
output of this oscillator therefore has greater angular ture with the same angular energy distribution. This
divergence than the output of an oscillator with con- requirement can be stated more precisely as follows:
ventional stable resonator optics. In addition, the Let r(x, A) be the time-averaged intensity profile at

Fourier aperture is illuminated more nearly uni- point k within the Fourier aperture due to light from

2@
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several coherence zones (which have a size of imately 10 cm from the chamber window) was re.
-d/60) around point z in the object aperture. The layed with a telescope to the object aperture. This
requirement becomes geometry was found empirically to produce the flat.

VT(x. k) 0. (2) test mages. The inage was not as flat when the cen.
ter of the discharge was imaged onto the object ap-

Note that [(x. k need not also be uniform across the erture. or when the object aperture was - 50 cm from
Founer aperture. If eq. (2) is satisfied, then the fo- the front oscillator mirror outside the oscillator (no
cal profile will be flat. even if the light is subjected telescope was used in the latter case ).
to nonumform amplification at the Fourier aperture. The images produced by this setup had flat-top fo-

Equation (2) can be checked by placing a small caJ profiles. but with residual totson the orderof 10%
pinhole in the object aperture and measuring the in the vertical direction. This was most likely due to
time-averaged intensity profile at the Fourier aper- irregularities in the laser cell and/or electrodes. The
ture. The resu•ting Fourier intenuty profile should tilts also varied durat the oscillator pulse. Finally,
be the same regardless of where the pinhole is placed there was a shopro-shon'variation of the tilts, pre- ,-
within the object aperture. Adherence to eq. (2) can sumably caused by irreproducibilities of the dis-
also be checked by blocking various regions of the charge.
Fourier aperture, and observing whether or not the All profile tilts were substantially reduced by add-
image maintains its flat-top shape. The latter method ing the telescope system shown in fig. 3. The oscil-
was used in this work. lator output was split into two beams and then re-

Figure 2 shows the optical setup for the oscillator combined. One beam passed through a single
used for the results presented here. The oscillator op- telescope, and the image was inverted. The other
tics image the laser medium back onto itself. All the beam traveled the same distance but passed through
oscillator configurations investigated used a I cmx two telescopes, and the image was not inverted.
2 cmx 80 cm discharge pumped KrF laser medium. Combining the beams at the object aperture resulted
The rear optics consist of a positive lens and a high- in images with a very small tilt ( - I%), independent
reflectivity flat mirror with an aperture, and the front of when the oscillator pulse was sliced. Thetilts of
opuc is a 50% reflectivity flat mirror. The distance the profiles also had a very small shait-to-shot
between each mirror and the lens is equal to the focal variation.
length of the lens (I m). Light from point a inside The rear reflector of the oscillator, which is lo-
the laser medium will be imaged, after reflection by cated close to a Fourier plane, was apertured to limit
both the front and rear optics, at point b. This prop- the angular divergence of the output at the object ap.
erty of imaging the laser medium back onto itself erture. This affected the concavity of the profile at
produces a large angular divergence, the image plane (after passing through the Fourier

Conventional discharge oscillator optics did not aperture). Decreasing the angular divergence by
satisfy these requiements. A stable resonator setup placing a smaller aperture at the rear reflector tended
consisting of a flat front mirror and a rear mirror with to make the image concave up, while increasing the
a large radius of curvature (5 m, 10 m, and co) was divergence had the opposite effec. With no rear re-
tested. While the image of the object aperture was flector aperture. the image was slightly concave down.
flat, the angular divergence was too small to produce
the required 60 times diffraction limited beam.

The front of the laser medium (which is approx-

-bi

Laser Medium
Fil. 2. The optical setup for the osctllaor. Fig. 3. The opucaW setup for the osci•tllor ad teemsopet

3
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The rear reflector aperture was made smaller until Table I
the concavity was nearly eliminated. For the results Parameter of the CCD camer.
in this work. the divergence from the object aperture Parametr Value
was limited to - 8 mrad in the vertical direction. and F
- 14 mrad in the horizontal direction. This diver- FoPilsue 364 by 576 p2uuPiuci size 23 earn b 2 3 eam
gence is sufficient to overfill the Fourier aperture. Reafut noise 25 election
which requires only 5 mrad. Chrp transer efliciency 0.991

The object aperture diameter of 3 mm was limited Full well capacty 160000 elecvummptaeL
by the transverse dimension of the laser medium ( I Quantum efficiency 0.25 at 24 smi
cm by 2 cm), and the Fourier aperture size was lim- Daft cumin 15 ewcimsinec/piAel
ited bv the size of the Pockets cells to 0.5 cmx Exposure tame 0.1 s

•Optuzer resouuoo L2 buis
0.5 cm. which implies a focal length of I m. The re- CCD tenoeratune -439C
quired angular divergence of the oscillator is wind uackAnes 1.0 Cm
6M.d, 5 mrad. which is less than the measured an- Window Mlectievcy 0.25. eacma srfab
gular divergence.

Two KD*P Pockels cells in series were used to slice
a 4 ns pulse out of the 30 ns oscillator output. The flectivity of 0.25% at .im 248 nm, 00 incidence. This
setup is shown in fig. 4. A pair of dielectric polarizers introduced a negligible error in the measurement of
polarized the beam horizontally before the object ap- the profile because the coherence length of the light
erture. The beam then passes through the Fourier ap- ( 1.9x 10 -1 cm) was much shorter than the window
erture. the two Pockels cells, and the remaining sets thickness.
of dielectric polarizers. The energy contrast ratio. de- For temporally coherent light, the noise in a cooled
fined as the ratio of the transmitted fluences with and CCD measurement is due mainly to the statistical
without voltage applied to the Pockels cells, was 3000 nature of the photoelectric process (the electron shot
to 1. noise) and the preamplifier noise. For the measure-

mens presented the signal was large enough that the
preamplifier noise was negfigible. Because the num-
ber of photoeiectrons in one pixel for several men-

surements of identical light levels has a Poisson dis-tribution, the electron shot noise or• for one
The imager is a cooled, slow-scan, two-dimen- measurement is

sional charge coupled device (CCD) camera. It is

capable of measuring the energy profiles to an ac- G• =,, (3)
curacy of better than 1%, and it has a spatial reso-
lution of 384 by 576. TA camera parameters are The noise in one pixel is independent of the noise in

Z•."xA,- shown in table I. The COds coated with a phosphor another.Wnum In addition to the noise in the CCD measurement.in order to increase its qu0um efficiency at 248 nm there is a random variation o, associated with the
to -0.25.

The imager has a vacuum window to prevent for- temporal incoherence of lighL If a pixel in the de-
mation of frost on the CCD. This window has an anti- tector is smaller than a spatial coherence zone, then
reflection coating on each surface with a power re- at = N, (r/ T) '"2, (4)

where T is the laser pulse length, r is the coherence
time. N, is the average number of photoelectrons in

-• the pixel measured in ume T, and a, is the shot-to------ " .. . A shot RMS variation of the signal in elecrns. in this"-- ., . case. there is correlation in the measurements of ad-
"jacent pixels. If on the other hand there are N, co-

Fig. 4. The Vulse slicing system. herence zones in a pixel, then

4
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than 0.1% in the caiculation of the tilt of a 2 mm di-
, --.. (T r/.% T) ameter profile.

In this case. the random vanation for adjacent pixeis During the calibration, there will be the random
is independent. The bandwidth ( 1/0) of the os- variation in the measurements given by eq. (6).
ciliasor has been measured to be 1.6 THz. which gives There were several coherence zones in each pixeL so
a coherence time of 0.6 ps. Because the random van. eq. (5) was used to calculate the random variauon
ation associated with the incoherence is not corre. due to the incoherence of lighL The size 6 of a co-
lazed with the CCD measurement noise. the total herence zone at the CCD is approximately
random variauon a. in electrons of the number of 6m4/D, (7)
electronics in a pixel is given by where i is the wavelength of light and I is the dis-

= (6) tance between the CCD and the integrating sphere

output aperture, which has a diameter D1. For Am 248
Because a typical CCD exhibits a nonuniform re- nm, 1= Im. and Din-5 cm. Jis 4.96 pm. Using the

sponse to light, the camera was calibrated by ilgu- pixel size from the table, the value of N, (to be used
osminahin it with a usieorm light source (figa . 5). The in eq. (5)) is (23 Ipm/4.96 lam) 2=21.5.
oscillator was used as a light source for a commercali In order to measure the noise, the output from the
integrating sphere. This has the advantage of Cai-. integrating sphere was measured 64 times. After cor-
brating the camera for the same wavelength and ap- recting for variation in the total energy falling on the
proximately the same pulse length used in the inca- CCD, the noise-to-signal ratio (arfN.) for a given
surements. The camera was placed - I in from the pixel was calcuited. At a signal level of 6.6 x 104
output aperture of the sphere. At that distance, the electrons. tih result ranged from 2.5 x 10- to
variation in light across the CCD surface from a lam- 3.0 X 10- ', compared to an expected value (from eq.
bertian surface istheoreucally l.Sxl0-'.Inanac- (6)) of 3.8x10-3 (T=30 ns, r=0.6 ps, and
tual setup, the variation will probably be greater: the N, = 21.5). This indicates that the camera is capable
camera and integrating sphere might not be perfectly of measuring the profiles with low noise.
aligned, there might be spurious reflections, and the The calibration was determined by summing 64
light output from the intepauting sphere might not be measurements (with the background subtracted) of
perfectly uniform. the integratng sphere output (flat fields). The av-

In order to test the calibration technique, the cam- erage signal level was 1.5 x 10' electrons, or 3825
era was calibrated at different positions. The dis- counts. The calibration factor C, for pixel i is given
tance between the camera and the integrating sphere by
was varied from 0.4 in to 1.6 in, the camera was

*) moved ±_3 mm perpendicular to a line between it C,= I . (8)
and the sphere, and the camera was rotated about Nof,
that line. The greatest change in the calibration was where X, is the number of pixels on the CCD, and
a 0.3% spatial tilt across the 8.83 mm width of the , is the summed flat field signal at pixel i Because
sensor. This corresponds to a systematic error of less f, is a sum of 64 measurements, the relative error of

C, calculated by eq. (6) due to the error inm, is re-
duced by a factor of 8 from 2.8 X 10-' to 3.5 x 10"'.

The relative energy e, falling on pixel i is given by
I, Io..- e,=C,(s,-b,), (9)

where s, and b, are respectively the signal and back-
Fig. 5. Calibraiton of the camera. The oscdlator illuminates an ground at pixel i. The signal levels of the profiles pre-
inteung sphere. A negauive s (no shown ii used to spredmo

Sout the nput Light io avoid danan the ntegratn Sphere. A sented in the next section are 6.0 X 10' electrons, or
tube (not shown) is used in order to reduce stray LighL Apernares -1500 counts, while the background levels (which
inside the tube are ecesary in order to reduce stray reflecuons. are due to the camera) are - 50 counts. This implies

5
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that the RMS measurement error due to the electron ample. if I is the pixel on the left edge of the profile.
ihot noise and the calibration error is 0.4% for one and pixel numbers increase from left to right. the the
pixel. When observing longer scale length focal pro- flat region is between pixels 1+t and r- t. inclusive.
tile nonuniformities that cover many pixels. one can For the results presented. f, was 0.25. and i was 5
reduce this error by averaging over more than one (the cross-section of the profile is 85 pixels across).
pixel. The results do not depend strongly on f, or t.

Three aspects of the profiles were evaluated. First.
the 4 ns pulse was taken at different tunies dunng the

4. The profiles oscillator output to check whether the object aper-
ture illuminauon uniformity changed in time. It was

Theobis imaged onto the camera found that the tilts of the profiles do not vary ap.
through a lens the Fouoer aperture. the pulse slicing preciably during the oscillator output. Second. a se-

system. a demagnifying telescope, and focusing lens. nes of pMes were taken at the same time dui

A schematic of the experimental arrangement with- the oscillator output to determine the shot-to-shot

out the demagnifying telescope is shown in fig. 4. The variation of the profiles. It was found that the ob-

telescope is located before the second lens. which fo- served shot-to-shot RMS vanadon of the tilts was

cuses the beam onto the camera after attenuation by consistent with the spatial and temporal incoherence

two reflections by uncoated surfaces and transmis- of the light. It was also found that the variation of

sion through a 95% flat reflector. The telescope de- the linear fit from a flat-top profile (a measure of

magnifies the image of the object aperture from 3 mm tilt) averaged over the series was =0.5%, and of the

to 2 mm diameter. quadrauc fit (a measure of peaking or concavity)

The measured profiles were analyzed with the fol- was = 1.4%. Finally, the Fourier aperture was par.
loTmng algorithm: tianly blocked to simulate the effects of a nonuniform

(i) Determine the centroid (x,, y.) of the profile, gan in an amplifier. The profiles were found to be

(ii) Find the edges of the flat region of the hon- insensitive to ths partial blocking; blocking half the

zontal and vertical cross-sections through the cen- Fourier aperture changed tilts of the profile by only

troid. a few percent.

(iii) For the flat region of each cross-section: (a) Figure 6 shows a typical profile and its cross-.

Perform a linear least-squares fit, and calculate the tions. The RMS deviation of the measurement from

variation of the fit from a flat-top (tilt). (b) Per- the linear least-squares fit is 1.0% along the vertical
form a quadratic least-squares fit. and calculate the direction and 0.8% along, the horizontal. If the pro-

forma qudraic lastsquaes ft, nd clcuate he le were flat. the deviation would be the same as the
mean-to-peak variation of the fit from a flat-top. (c) tal rando mar on wogi d be e (6)) in e

Calculate the RMS deviation of the measured cross- total random variation is (given by eq. (6) ) r each

section from the fits. datum. Because a pixel is smaller tban a cohence
The centroid is determined by zone. eq. (4) can be used to calculate the variation

due to the incoherence of the light. With a coherence

time of 0.6 ps, a pulse length of 4 as, and a signal of
xt Ae, e,, (10) 6 x 104 electrons, the expected RMS relative varia-

tion of each datum is 1.3%. This indicates that the

where x, is the x position of pixel i. The calculation observed deviation is probably due to the CCD shot
of y,, is analogous. The edges of the flat region of a noise error and the variation of the light energy due
cross-section is determined by the following algo- to the laser incoherence and the finite averaging time
rithm: Figure 7 shows the tilts of the cross-sections as a

(i) Find the pixels I and r where the measured function of time during the oscillator output. Eight
value of the cross-section is just greater than a spec- images were recorded for seven times spaced S us
ified fraction f, of the maximum value, apart during the oscillator output, for a total of 56

(ii) The edges of the flat region at t pixels from i images. Each point on the graphs is the tilt of the
and r towards the center of the cross-section. For ex- horizontal or vertical cross-section of one image. Note

6
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lagrvmariton along the vertical direction for a sin-
*that the time variation is neglilgible. Therefore, the gle beam indicates that the telescopes shown in fig.

output of the oscillator does not vary appreciably 3 are effective in reducing the shot-to-shot variation
when averaged over 4 ns. of the tilt. Furthermore, the average tilt of a single
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beam IS j to 10%. which indicates that the telescopes different pants of the Fourier aperture blocked in or-
are 3150 etfective in reducing the average tilt. der to simulate nonuniform amplifier gain. Sixteen

Figure 9 is a histogram of the mean-to-peak van- Images were recorded with (tI, tht Fourier aperture
ation of the quadratic fit from a flat-top profile for completely unblocked. (ti) the top half of the Four-
the 64 Images. The mean averaged over the images ier aperture blocked. (iii) the right half blocked. (iv)
is = 1.4% along the vertical direction. and =0.6% the bottom half blocked. and t v) the left half blocked.
along the horizontal. The variation is larger along the for a total of 80 images. Note that the average tilt
vertical direction because there is more shot-to-snot changed by a few percent. Note also that when the
variation of the concavity of the profile, which is not top or bottom of the Fourier aperture was blocked.
reduced by the telescopes, the shot-to-shot variation of the tilt of the vertical

Figure 10 shows the tilts of the cross-sections with cross-section increased, because differet parts of the
inverted and nonanverted beams were blocked. The

Varitio Aloe ytwo beams were not exact inverses of each other, and
10itinAln the the tilt of one did not cancel, the tilt of the other.

Ii) This larger shot-to-shot variation does not occur in
5 - --- --- the horizontal direction because the angular diver-

gence of the oscillator output in the horizontal di.
O _______________ recuion is larger than the divergence in the vertical
o 4 direction.

variationlI.

8 -5. Summary

A laser oscillator System has been developed with

o0________________ a 4 ns pulse output. 3000 to I energy contrast ratio,
o 3 and flat focal profile.ltsnagulardivergence is large

variatLion I;~) enough to produce 60 times diffrction-limited imý-

Fig. 9. A histogiam of the msean-1opeak variaton Of The qua ages The coherenc time was 0.6 ps, and the pulse
deauc fits from a flat-top profile with the Fourier aperture comn- duration was 30 as. The focal imageo of 4 as slices
pieteunlocked of the beam had the desired flat cross-sections (tilts

of -1%). The shape of the focal profile should not
depend strongly on the gain profiles of the lase am-

Tilt Along y plifiers; if they are placed at the Fourier aperture of
20. the EFISI system. This was tested by partially block-
0- 1 ing the Fourier aperture and observing that the shape

of the focal profile was not strongly affeced (the tilts
______________________- were typically on the order of a few percent). The

open top right boitom left top, bottom, left. and right halves of the Fourier ap-
fourier blocking (half biockedi erur were blocked. Partially blocking the Fourier

Tilt Alone x aperture simulates an ex~eney nonuniform ampli- -r r-
to: . fier gain: typical nonuniformintes of actual ampli-

- ~- ~ gfiers used in the NIKE laser ame only approximately

-10: The oscillator system described here comes close
open top tight bottom left to fulfilling the goals for the NIKE system. The ex-

fourier blocking ihaif blocked) isting system is now being used to test the ability of

Fig. 10. Variation of the tiut of the cross-.ection whent difreemt the NIKE system to maintain uniform focal profiles
pants of the Fourier apernure are blocked, after several stages of amplification. In future work.
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we will attempt obtain more nearly uniform beams
which are less affected by partial blocking of the

* Founer aperture. We will also attempt to produce %I
more than 60 times diffraction limuted beams. so that p r " (lid)
phase aberratuons in the laser system will have even
less effect on the focal proffle. where N is the number of proffies meaured. Note

that thex. can be chosen so that 0, is zero. Note also
thatin' this cas eq. (lid) can be approximated by

* Ackaowedpusass an integral Let L be the diameter of the profile, and
let x=-L/MN. Then

We would like to thank our colleagues for useful V, Vr
discusmons and asntance: Mark S. Pronko. Robert iu -= F ,Ji- AX. (12)
H. Lchuntber,. Thomas Iehecka Carl J. Pawley, L ..

Wamrn Webster. Julius Goldhar. and Andrew J. NLI
Schimit. The data was archived on disk using a mod- j: J- x2dx (13)
ified version of National Center for Supercomputer -LI
Activities' Hierarchical Data Format. This work was
supported by the United States Depanment of •NtL 2/12" (14)
Energy. The variance will be calculated by first using the

standard formula for the slope of the Linear least.
squarm fit to a set of data. The varmace will depend

Appeafix on arq. -owever, 4,# will be negligible if the pixels
a and P are not dose together, because the size of a
coherence zone as approximately the same size as a

This appendix presents a calculation of the van- pc r. Usinc a rough approximation, the ratio as/a

ance of the slope of the linear least-square fit. The is a ed.
variance is determined by the varitace of the data is calculaied.
used to calculatetheslope. bTherandom varia tion of t The slope m of the linear least-squares fit to theused to calculate the slope. The random varition of data pairs (x.., y, ) is a random variable siven by

each datum in the measured profile is due to both (after senin8y i,0-):

the CCD measurement noise and the random vanr-

ation associated with the temporal incoherence of the I st
ligh. TheCCD measurement noise is due mainly to m m w (1S)

* the electron short noise. and is given by eq. (3). The
random variation due to the incoherence is given by Let h,: be the variance of m. Because) . is a number

eq. (4) or (5). The total random variation a, (given (rather t a random variable),

by eq. (6)) causes the calculated slope m to have a I .I W.
variance ua. t T - X.XCg0 . (16)

In order to calculate ar,, let Ya be a set of Nf ran-
* dom variables, and y,, be the value of sample i of y,. For the results presented, there are 60 coherence

Let x, be a set of Nf numbers. The y, are the mea- zones and 85 pixels across a profile; eachoherence
surements at position x,; Nf is the number of pixels zone spans approximately one pixeL In additioa.
across the profile. Defime o• 750 electrons (from eq. (4), with T=4 as, t=0.6

ps, and N,=6.Ox 100 ele ), while f,-2S0
I (Ia) electrons (fromeq. (3),,) e total variation at one
• pixel is therefore (eq. (6)f790 elecummt which is

a relative variation of 1.3x 10-2. Because the van-
oam ,1 (Ye' -9.) (YA,-P), (lib) ation due to the measurement (o--,) is independent

for each pixeL while the variation due to the incoh-
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ABSTRACT

One of the key requirements for direct-drive laser fusion is a laser whose focal profile is sufficiently
smooth and controllable to produce highly symmetric implosions. To achieve this, the NIKE laser will
implement the echelon-free ISI technique, in which the desired focal profile is formed at the output of a
spatially and temporally incoherent oscillator, then imaged through the laser amplifiers onto the target.
Because the amplifiers are located in the quasi far-field of the oscillator, their large scalelength gain and
phase nonuniformaties will have little effect on the image as long as the light remains highly incoherent.
However, small scalelength phase aberrations and nonlinear optical processes must be minimized to maintain
good control over the image. After a brief description of the NIKE system, this paper reports on numerical
simulations and measurements of profile distortion due to random amplitude and phase nonuniformities,
nonlinear refraction, and self-seeded stimulated rotational Raman scattering, and describes the steps being
taken to control these effects.

1. INTRODUCTION

The NIKE laser is a KrF facility currently under construction at the Naval Research Laboratory to
address technological and physics issues of direct-drive laser fusion. It is designed to ablatively accelerate
thin planar foil targets under conditions dose to the operating regime envisioned for a high gain pellet. High
pellet gain can be achieved only if peak to valley nonuniformities of the ablation pressure are less than 2%.
For direct-drive, this requires a laser whose focal spot distribution is highly smooth and controllable because
LUV light allows only modest smoothing of irradiance nonuniformities by lateral energy flow in the
underdense plasma surrounding the pellet.

To produce such a beam, NIKE is implementing the echelon-free [SI technique1 illustrated in Fig. 1. A
broad bandwidth temporally and spatially incoherent oscillator (e.g. an amplified spontaneous emission
source) uniformly illuminates an apodized aperture, which imposes the desired time-averaged intensity
profile on the beam. This profile is imaged onto the target by relaying its quasi far-field through the
amplifier chain; i.e., the focal distribution at the target is controlled directly by changing the diameter and
spatial profile of the apodized aperture. At the quasi far-field, the information needed to produce the focal
distribution is encoded in large optical field angles, or equivalently, in a multitude of small coherence zones.
It therefore remains relatively insensitive to the large scale gain and phase nonuniformities that are
invariably imposed by the amplifiers and their associated optical components. In NIKE, the image will
normally subtend an angular width AO = 60 times diffraction limit (XDL), thus giving coherence zones of
1/60th the beam diameter.



Image distortion can be easily pre-compensated at the oscillator as long as it remains relatively
small and reproducible. In general, low distortion requires that AS remain large compared to the angular
perturbations introduced by phase aberrations within the laser. The NIKE optical design, which is described
briefly in Section 2, allows nearly complete compensation of all systematic phase aberrations, such as
astigmatism, coma, and spherical aberration. Distortion due to random phase nonuniformities, gain
nonuniformities, and nonlinear optical processes is calculated in Section 3.

The instantaneous focal spot intensity produced by incoherent beam smoothing schemes such as ISI 1 2
is rapidly fluctuating, highly nonuniform speckle. It approaches a smooth profile F(x) only when averaged
over intervals much longer than the laser coherence time tc = 1 /av, where Av is the bandwidth. For fusion
applications, tc must be much shorter than the time required for the target to react hydrodynamically to the
speckle. Calculations indicate that tc - I psec is short enough to provide the required ablation pressure
uniformity once the steady-state blowoff plasma is formed; however, shorter coherence times are desirable to
reduce imprinting of the laser nonuniformities onto the target before the plasma forms.3 KrF amplifiers have
sufficient Av to easily achieve this,4 but the optical system must be capable of transporting such bandwidths
without distorting the focal profile. The NIKE optical system is designed to accommodate a bandwidth up to
5 THz (tc = 0.2 psec) with negligible chromatic aberration. It achieves this by using mostly reflective optics
at the larger apertures, and by using large F-number lenses and chromatic correction in the front end optics.

2. NIKE OPTICAL SYSTEM DESIGN

The laser is a 56 beam angularly-multiplexed system designed to illuminate a planar foil target with
2-3 kJ in a 3-4 nsec pulse.' A schematic view of the optical train is shown in Fig. 2. The present oscillator
comprises a commercial KrF discharge module, plus image inverting and beam combining optics; it produces a
1.6 THz spatially-multimode beam of -80 XDL divergence and nearly uniform time-averaged intensity.6, 7
Because most of the planar target experiments will require a flat-top focal distribution, the oscillator
currently uses a hard aperture of 3 mm diameter. Figure 3 shows an image of the oscillator beam, using a 4 nsec
slice of the pulse and a pair of lenses with a 60 XDL pupil and 1.5 X magnifying telescope located at the far-
field plane between them. Eventually, the output of the oscillator will be split into two beam lines with
independently adjustable ISI apertures and pulse shaping systems. The main line will provide 44 beams
optimized for 3-4 nsec direct target illumination, while the second line will provide up to 12 beams of 5-6 nsec
pulsewidth optimized for diagnostic X-ray backlighting.

The far-field distribution f(x) of the main oscillator beam F(x) is image-relayed through the pulse-
shaping optics, a commercial discharge preamplifier, and a large aperture (4 x 4 cm2) discharge pre-
amplifier. (The relay telescopes between these elements are not shown explicitly in Fig. 2.) A pair of neutral
chromatic correction doublets, each consisting of a MgF2 convex lens and a fused silica concave lens, can be
placed at the input and output of the second preamplifier when broader bandwidth operation is desired. The
beam is then split and relayed into an array of three parallel 4 x 4 cm 2 discharge amplifiers identical to the
one used in the preceding stage. (The fourth module of the array shown in Fig. 2 will be used to amplify the X-
ray backlighter beams.) Each of these modules has produced over 2 J in 15 nsec, with negligible distortion of
the oscillator image profile.7 The output beams are split twofold and differentially delayed by a stack of 8
folded image-relaying telescopes of unequal length and 2:1 magnification. An additional array of time delay
mirrors again splits each of these beams to create 28 sequential beams, then feeds them to the 4 x 7 input
array of the angularly-multiplexed amplifier chain.

The angularly-multiplexed amplifier chain will comprise two double-passed e-beam pumped stages
and the associated transport optics. The diverging mirrors of the input array expand the 28 beams and
overlap them at the concave rear mirror of the 20 x 20 cm2 amplifier. Within the 125 nsec extraction time of
these sequential beams, this amplifier has produced 150 J output for an input energy < 1 1. A 50% beamsplitter
at the output will create an additional 28 beams, which will be relayed through a 120 nsec delay line (a 1:1
off-axis reflecting telescope) that images the beamsplitter onto an adjacent re-entrant mirror. The resulting
56 sequential beams, which will extend over 240 nsec, will be overlapped at the concave rear mirror of the 60



x 60 cm 2 final amplifier by a single 4 x 14 array of identical planar mirrors and double-passed diverging
lenses. This amplifier is expected to provide -5 kJ output within 240 nsec.

A final 4 x 14 array of diverging mirrors will recollimate the output beams with 15 x 15 cm 2 widths,
and direct them via the demultiplexing mirrors to the target chamber. The 44 (coincident) interaction beams
will be focused onto the planar target through a 7 x 7 array of lenses, while the remainder will serve as
backlighters. The backlighter beams will come from the upper and lower rows at the recollimation array,
where the shadowing losses in the final amplifier are large (12% to 22%). For the target interaction beams,
these losses range from 0 to 19%.

Field angle divergences within the optical system are determined by the focusing lens array and the
required spot size on target. Most target interaction exemments will require a spot diameter of 600 pm in
order to achieve the desired intensities (- 2 x 1014 W/cm-) with 3-4 nsec pulsewidths. The lenses were chosen
to be 6 meter focal length, which will allow a reasonable depth of field around focus with the 2.2 meter wide
7 x 7 array. These conditions require a field angle divergence AOF = 100 prad; the normalized divergence of
the 15 an incident beams will therefore be AO A0F/( 248 nm/15 cm) = 60 XDL, as stated above.

The NIKE optical design allows virtually complete compensation of each beam for all systematic
phase aberrations (including a small amount of spherical aberration) over a 5 THz bandwidth.8 Astigmatism
and coma due to the off-axis optics will be compensated by tilting the lenses in the intermediate and focusing
arrays - typically by angles less than 30* Without this correction, the combined astigmatism and coma could
be in excess of 15 XDL in some of the beams. The lens tilt angles need not be adjusted or maintained with high
precision; spot diagrams show nearly complete compensation even for angular perturbations of 1-2 mrad.

As indicated in Fig. 2, the front end encoding telescopes are designed to image the far-field profile
fAx) to the vicinity of the final amplifier, but not to the 20 cm (driver) amplifier. Imaging onto both stages
would require the intermediate array to be replaced by either a pair of monolithic relay telescopes (resulting
in excessive multiplexing angles at the driver) or a cumbersome 4 x 14 array of smaller telescopes and turning
mirrors. This is unnecessary because the large beam sizes ensure that the two amplifiers remain optically
close to one another for all field angles of interest. With the final amplifier acting as the aperture stop of the
system, and a 60 XDL angular divergence, the chief ray displacement at the driver will remain within ±4

umm. The main penalty for this approach is a lower effective fill factor (65%) at the driver. Although both of
these amplifiers will be slightly overfilled in order to suppress ASE, the usable portion of the beams (i.e.,
the part that eventually clears the aperture stop) must underfill the driver amplifier to avoid vignetting.
The NIKE optical system is designed to handle field angle divergences up to 120 XDL without vignetting.

3. ANALYSIS OF IMAGE QUALITY

Although the optical design allows for correction of systematic phase aberrations, there are several
other factors that can also distort the image. These include (i) amplifier gain nonuniformities, (ii) phase
distortion due to random optical surface imperfections, air turbulence, and transient refractive index
variations in the KrF amplifiers, and (iii) nonlinear optical effects such as self-phase modulation and
stimulated rotational Raman scattering. This section will estimate the distortion due to these effects, and
describe the steps being taken to control it.

3.1 Amplifier gain nonuniformities

Because the driver amplifier is not imaged to the aperture stop, a nonuniformity in its gain profile
Gd(x) can partially imprint itself onto the focal spot F(9), as illustrated in Fig. 4. (For simplicity, this figure
omits the front-end optics and the large beam size variations between the driver amplifier and focusing lens.)
Nonuniformity in the beam profiles from the discharge preamplifier array (Fig. 2) may also cause some
imprinting because the beams split off after each of the folded telescopes are delayed by different amounts,
and therefore cannot all be imaged exactly to the aperture stop at the final amplifier.



The lowest order correction to the ideal focal profile FO(9) is a tilt FI(O) of fractional value

F1(0)/Fbe) = -x• • (V4.LGd))d - xd • (VhN~f)) 1 , (1)

where xcd and Xcf are the respective chief ray displacements at the driver amplifier and far-field image
planes (xcd, xcf - -0), and 1(x) is the image of the beam profile at the last discharge amplifier (without the
gain nonuniformity imposed by the driver). The brackets denote averages over transverse coordinates scaled
to the 60 cm aperture Da and weighted by the normalized output beam profile !a of the final amplifier; i.e.,

(V.lln(Gd))d. (Da/Dd) Ja(X)V1WIdOxd/Da)Id 2x, (a)

(Vln(f))f - (D3/Df) J ia(X) VjIlnf(xDF/Da)] d2.x, (2b)

J ia(NdX) i', (20)

where Dd and Df are the usable beam widths (as defined in the preceding section) at the driver amplifier and
far-field plane, respectively.

In the case of primary interest, where FO is a flat-top profile of width AO, and !a also remains
approximately uniform (- 1 /Da 2) within aperture Da, the fractional tilt along the x direction reduces to8

AxFI/Fo- (AXcd/Dd) (,x4d/Gd) + (Axf/Df) (Axf/f), (3)

Here Axcd and Axcf are the chief ray divergences corresponding to AG (Fig. 4), and the bracketed quantities
(assumed to be less than 1) are the fractional variations across the aperture in the x direction of quantities
averaged along the y direction. At the driver stage, where Axcd- 8 mm for AO = 60 XDL and the usable beam
width is Dd - 16 cm, a 20% gain imbalance would contribute only 1% to the fractional tilt. For the beams
whose far-field image planes lie farthest from the aperture stop in each direction, Axcf/Df - ± 0.8%. Thus,
even a 2:1 variation in f(x) would produce tilts of magnitude < 0.4%, which would be nearly cancelled by
other beams whose far-field planes are located on the opposite side of the final amplifier. In both terms of
Eq.(3), the tilts due to the first group of 28 beams would be largely cancelled by those of the second, which are
inverted by the 120 nsec delay telescope.

The second order correction is a quadratic curvature F2(0) whose fractional value F2(0)/Fo(@) is
proportional to the factors (xcd/Dd)(xcd/Dd), (Xcd/Dd)(xd/Df), and (xcf/Df)(xcf/Df). With the small values 0
of Axcd/Dd and Axcf/Df shown above, 1F2(0))I/FO(O) < 1% as long as large fractional variations of Gd(x) and
f(x) do not occur on scalelengths much shorter than the usable beam widths. This condition can be satisfied
only if those usable widths underfill all of the amplifiers except the final stage.

3.2 Phase distortion

Random phase distortion is expected to arise primarily from surface imperfections of the large
aperture optics in the recollimated beams, the two e-beam pumped amplifiers, and the optical feed paths
between them. Most of the corresponding distortion from the small front end optics will be astigmatism and
coma, which can be corrected using the lens tilting procedure discussed previously.

At present, the total random phase distortion O(x) is described by a statistical model that lumps it 0
into two independent components; i.e.,

I I I0



OX)0 = #15W) + #0, (4)

where *15(x) is the contribution to the -15 cm beams imposed by the driver amplifier, beamsplitter, delay
telescope, and recollimated output paths, while W0(x) comes from the 60 cm mirror and windows of the final
amplifier. These functions are summations over randomly-phased Fourier modes that are periodic within the
15 and 60 cm beamwidths. This restriction ignores lower spatial frequency variations, such as phase tilts
lensing, and astigmatism, which can be corrected by the intermediate array lenses and the beam steering and
focusing optics. Using optical surface specifications and interferometric data on the 60 cm windows and 20 cm
amplifier mirror, we first calculate the total rms phase variations (415)rms, (#60)rms and the phase
gradients (V*15)rms, (V#60)rms. All of the optical elements are assumed statistically independent, with
double contributions from the double-pass amplifier windows. Because of the periodicity restriction along
each transverse direction, the total value of (015)rms had to be reduced to (15 cm/2x) (1/ 42) (VS1 )rms in
order to keep (V#15)rms within its specified value. To construct statistical realizations of #15(x) and #O(X),
the model starts with a pair of 2D arrays of initially independent normally distributed random numbers,
then repeatedly filters them in k-space (using Gaussian filter functions) and re-scales them until they satisfy
the specified rms values. This model can be easily updated as more phase measurements become available.

Using the simulated *(x) and again assuming that !a is approximately uniform, we evaluate the
point-spread function P(9) at the target plane, including the effect of diffraction from the 60 cm final
amplifier aperture. Figure 5 shows a typical result. In this example, the effective diameter AOR (i.e., the
circle that encloses 50% of the energy) is 9 XDL, which is still small compared to the 60 XDL image. The 90%
energy diameter is 18.5 XDL, which agrees with the corresponding 15-20 XDL value estimated by Berggren9

using a different model for the phase distortion.

Phase distortion introduced by air turbulence and thermal gradients is controlled by enclosing most of
the NIKE optical chain in a hermetically-sealed double-wall propagation bay whose walls, ceiling, and
floor are maintained at uniform temperature to within ±10C.? Preliminary measurements using a 10 cm
diameter 633 nm beam propagating over an 80 meter air path show that the focal spot remains nearly
diffraction-limited. For most shots, the centroid of the spot remained within a region comparable to 3 pum
(the diffraction limit 1.22X./D of 248 nm light), as shown in Fig. 6. Moreover, some of this displacement is
known to arise from vibrations and drift in the mirrors. The absence of strong steering effects in a 10 cm beam
suggests that atmospheric distortion is likely to remain small in the larger beams around the 60 cm amplifier.

Under NIKE operating conditions, transient refractive index (TRI) effects are expected to arise
primarily from F2 burnupl 0 in the e-beam pumped amplifiers. Smaller but significant contributions can also
come from plasma dispersion, absorbing trimers, and the KrF excimer itself. Estimates give phase shifts that
increase to 1.7-3.2 waves toward the end of the e-beam pulse. If the e-beam deposition profile peaks in the
center of the amplifier, the TRI phase shift will produce a weak (1.5-3 XDL) time-dependent defocusing
effect, which can be partially compensated in each beam by adjusting the focusing lenses at the target
chamber. An update of these estimates will soon be possible, using far-field measurements at the output of the
20 cm amplifier.

Using the point-spread function, one can relate the distorted and undistorted image profiles by the
usual convolution

F(O) = J NO- 9) FC(O) d2e", (5)

where the approximation P(O, 0°) S P( - 0') is well satisfied in the NIKE optical system because the phase
distortion occurs optically close to the aperture stop. As long as P(N) remains narrow compared to FO(O) (i.e.,
AOR << AO in Fig. 4), its main effect is to round-off the edge of the flat-top profile, reducing the intensity in a
zone of fractional width AOR/lAO around the perimeter.5 This is shown in Figs. 7a-c for the AOR - 9 XDL
simulation in Fig. 5. The distorted image (7c) is closely approximated by a Fermi-Dirac distribution function



FO)a [1 + exp( 1 -" AO/ 2 ,.rl (6)

3.3 Noalinear optical effects

Self phase modulation (SPM) and stimulated rotational Raman scattering (SRRS) may also distort
the imaue because these processes can respond to the rapidly changing stochastic fluctuations of the beam.
and thus directly affect the spatial coherence zones. The effect of SPM can be partially characterized by the
average nonlinear phase shift •

BU= +82, B-=n2ifl)z dz, (7)

where Bi arises from atmospheric propagation, B2 arises from the final focusing lenses and target chamber
windows, n2i = n2j, 122 are the nonlinear refractive coefficients, and (l)z is the intensity averaged over time
and the transverse coordinates (()z - 70-100 MW/cm2 in the recollimated output beams). In general, SPM
tends to broaden the image profile and introduce curvature in the central portion when B significantly exceeds
0.2. The magnitude of the perturbation is proportional to B2 . SRRS arises entirely from propagation in air,
and can be characterized by the gain factors

Gj=gi J(Idz,(8

where gi is the steady-state convective gain coefficient of the jth transition. For the 50-100 m high intensity
air paths in NIKE, Gi - 10-15, which is approximately a factor of 2-3 below normal threshold. However, self-
seeding will tend to enhance SRRS, especially at bandwidths greater than 2 THz; this was recently
demonstrated by experiments at LANL.11

Image distortion due to these nonlinear processes is being studied using a simulation code NIKEBEAM,
which also includes diffraction and linear losses in the long atmospheric paths, plus two-photon absorption
in the focusing lenses and target windows. Ignoring group velocity dispersion, we use the paraxial wave
equation for the complex optical field amplitude E(xj.,z,t) and the driven oscillator equation for the (real)
susceptibility Qi(x.Lz,t) due to the jth SRRS transition:

(a/z + vg-lai)/t + a - i V.L2 /2ko) E = i 0 1 E 12 E + i ZQiE (9a)

(a2= +aFrj igE2 . (9b)

Here, v 5 is the group velocity, a is the linear loss coefficient, ko w 2x/X., Re(P) a n2/2, and Im(f) is half the
two-photon absorption coefficient; "o and ri are, respectively, the frequency and damping coefficient of the •
jth SRRS transition. NIKEBEAM evaluates the time-averaged focal spot intensity by formally integrating
Eqs.(9a,b) up to second order in J(I)zdz for the SPM and SRRS contributions. The zeroth order term is the
linearly distorted profile FO() found from Eq.(5). For the chaotic multimode light used in echelon-free 1S, we
factorize all products of the zeroth order complex field amplitudes according to Gaussian statistics.

Image distortion calculations were carried out assuming either an air or pure Ar atmosphere in the 0
propagation bay. The lenses and windows were assumed to be fused silica with the measured nonlinear
parameters n2 = 140 cm/TW (2 x 10-14 esu) and 21m(p) = 60 cm/TW.12 At present, there is still considerable
uncertainty on the size of n2 in air around 248 nm. The most thorough measurement, which examined self-
focusing in a high pressure cell, yielded n2 - 0.31 cm/TW (2.9 x 10-16 esu) at 308 nm.13 The SRRS coefficients
g, "j, and ri included all N2 transitions from J = 0 to 16 and 02 transitions from J = 1 to 15.14 For chaotic light,
the main effect of SRRS is an increase in the effective value of n2, especially at broader optical bandwidths. •
Combining the above measurement with the contribution from Eq.(9b), one finds that the effective value of n2



increases from - 0.4 cm/TW at bandwidths < I THz to - 05 cm/TW at 3 THz. There do not appear to be any
published values of n2 in Ar around 248 nm, so a calculation was carried out using dispersion formulas of
Hellwarth, et. al.15 to obtain n2 - 0.05 cm/TW.

Figure 7d shows the perturbed image profile for the case where the high power beams propagate in
air. This example simulates the beam with the longest high intensity pathlength (effectively about 93 m at
90 MW/cm 2), giving Bi - 0.31 and B2 - 0.06. An overall rounding effect due to the nonlinear optical processes
is dearly evident, especially when compared to the zeroth order profile (Fig. 7c), which shows only the edge
rounding arising from the linear phase distortion.

Figure 8a shows the image profiles for the same beam as in Fig 7, but propagating in Ar. With B1 now
only 0.04 and no SRRS, the perturbed profile is virtually indistinguishable from the zeroth order case, and
remains flat to within 2% over the :entral 2/3 of its radius. Target interaction simulations indicate that some
of the edge rounding may be beneficial because it reduces plasma turbulence that would otherwise develop
around a sharp discontinuity. If it becomes necessary to extend the flat portion, however, it could be
accomplished by using phase-correction optics in the front end, or by increasing the image size beyond 60 XDL
(at the expense of intensity). Because the image retains good azimuthal symmetry, it may also be possible to
extend the flat portion just by adjusting the oscillator profile Fo to pre-compensate some of the distortion.
Figure 8b shows an example of this compensation, which is accomplished by placing a uniform weakly-
absorbing disk of 48 XDL diameter just beyond the oscillator hard aperture.

Additional NIKEBEAM simulations indicate that curved profiles relevant to a multibeam spherical
illumination facility are less susceptible to linear and nonlinear phase distortion than the top-hat function.
Figure 9 shows an example of this, using the profile Fo(0) = (1 - 02/002)1/2. For a lens of focal length f and a
pellet of radius R = f 00 and polar angle 9 p = sin-1 (f 0/R), this profile would produce an energy deposition
proportional to cos2ep in the limit where R remains large compared to the width of the rnderdense plasma.
This would allow highly uniform energy deposition in a multibeam spherical illumination geometry.16

4. DISCUSSION

The NIKE optical system is designed to incorporate echelon-free ISI to produce a smooth and
controllable focal profile for laser-target interaction experiments. This design allows complete compensation
of chromatic and off-axis aberrations over a 5 TlIz bandwidth. Calculations of beam distortion due to gain
nonuniformities, optical imperfections, air turbulence, transient refractive indices, and nonlinear optical
effects indicate that time-averaged nonuniformities of 1-2% should be possible over the central 2/3 of the
target beam profile if an argon or helium fill is used in the propagation bay. Although the propagation bay is
designed to accommodate either an Ar or He gas fill, experiments will be performed in the near future to
better quantify the nonlinear effects before committing to an inert gas atmosphere.

The calculations presented here are applicable to the 1-2 THz bandwidths at which NIKE is
currently operating. In order to accurately model broader bandwidths, NIKEBEAM will be generalized to
include group velocity dispersion in the long atmospheric propagation paths. At broader bandwidths (- 5
THz), this effect is expected to decrease the profile distortion due to the nonlinear optical effects.
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1. S NY

The tasks set out for this project centered on the adequacy of Monte

Carlo numerical techniques for calculating electron beam deposition and the

ultimate plasm state in a KrF laser. We find that there are a variety of

choices to be made in determining the physics to be included in the Monte Carlo

code to be used, even within the framwork of an integratud system of user codes

such as the ITS. With suitable choice of the code version, the deposition can

be calculated with high reliability and accuracy. This finding is described in

detail in Appendix A, along with a code developed by Krall Associates for this

study.

The question of the final plasma state is another matter. The strong

dependence of various poorly known atomic cross sections on energy is known to

produce a nonMaxwellian electron distribution which is not reproduced by existing

codes. While this is of sow importance in determining laser output, a more

crucial question may be the generation of return currents and concomitant

electric fields from deposition of excess electrons. We have calculated the

stability for a model kinetic equilibrium, and find that current-driven

instability can onset for current density in the range of 5-10 A/cm2; with som

theoretical interpretation of apparently dissimilar experiments, it can be argued

that this instability has been observed in the laboratory. This study is

described in detail in Appendix B.

I) Finally, these results were presented in-depth at a meeting at NRL on

December 20, 1989. Viewgraphs from that presentation are appended as Appendix

C.

I



2. FUTURE DIRECTIONS

The discussions at NRL made it clear that although the instability

discovered during this study might be of a type identified in other experiments,

the nonlinear behavior, i.e., the effect of the instability on the system, should

be strikingly different. This immediately suggests the direction which follow-

up work on the stability study should take:

0 Determine the nonlinear behavior of the instability

0 Determine the scaling of the growth rate of the instability

6 Estimate the spatial structure of the turbulence. 0

Previous observations of this instability were in discharge-driven lasers with

or without a stabilizing e-beam. The consequences of the instability was to

terminate the discharge, by presenting the external circuit with a complete

mismatch. In the present case, the fact that the discharge is entirely beam

driven might have the consequence that the instability will degrade the 0

performance of the laser, rather than terminating the discharge. This is why

the details of the instability--structure and nonlinear behavior--become so

important. If the scaling and control of this turbulence is understood, then •

the effect of instability might be minimized even if the instability itself

cannot be avoided.

2
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1. BACKGMWm INFORNATION

1.1 SOURCES

Jonah Jacobs, Science Research Lab, Inc.
John A. Halbleib, Sandia National Lab
Julius Goldhar, University of Maryland
Thomas Johnson, U.S. Military Academy

Alan Hunter, Thermoelectric Corporation (Western Research)

Roger Haas, University of California at Davis

1.2 DISCUSSION

Over a period of several days I initiated discussion with the scientists

listed above, on the following topics:

- How is e-beam deposition in a KrF laser presently calculated?
- What physics is included in these calculations?
- Under what conditions are these calculations expected to fail?
- Is there any experimental evidence that suggests that Monte Carlo

calculations break down when used to calculate deposition?
- What physics uncertainty actually does affect predicted laser

performance?

From these conversations a number of points emerged, including the following:

There are well documented Monte Carlo model s developed as user codes and

widely available. In particular, the ITS (TIGER) series of codes,

developed at Sandia National Laboratory by John Halbleib and others, have

been used by the Science Research Laboratory, Inc. This code, along with

SANDYL, EGS, ETRAN, and related models, have been compared with each other

over energy ranges from 10 keV to 1 GeV. They produce similar results,



with discrepancies attributed to the fact that each of these models has

a number of versions, with increasingly detailed physics in each. The S

most popular versions used in practice were one-dimensional, with stopping

power and straggling effects dominant.

Some analytic models have been constructed both as a gross check on the S

Monte Carlo calculation and as a quick way to do parameter variation

studies. The disagreement between the semi-analytic models and MC becomes

noticeable at AE - E, i.e., when most of the energy has already been

deposited. 0

Return currents due to boundary conditions or electron density buildup

are not calculated by any of the standard models. The codes are single

particle calculations, and electrostatic effects are generally ignored. 0

The effect of an externally produced electric field on the beam itself

is sometimes included, but not the self-consistent field, including return

current, avalanche, etc.

Atomic chemistry, such as F2 attachment, is a strong effect in depleting

the free electron density. The cross sections for some of these atomic

processes have more uncertainty than the error in the deposition codes.

In fact, this emphasizes one of the difficulties in KrF modelling. In S

the XeF system, F2 dissociates into F almost solely by direct electron

impact. By contrast, in KrF systems dissociation by electron attachment

is a significant process, as well as other processes. Many m-odels do not

even include direct impact dissociation, although this process may account 0

for about one third of the production of F. The rates for these processes

depend on the energy distribution of low energy electrons, which is non-

Maxwellian because the energy dependence of the electron attachment rate

selectively depletes the electron distribution. This can be crucial, for 0

example, because high power deposition and subsequently large electron

densities leads to burnup of F2 , which becomes strongly dependent on the

dissociative attachment rate.

2
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The biggest uncertainty in modelling the electron beam is in calculating
the properties of the beam that enters the gas region of the laser.
Transport from the electron gun to and through the foils and into the
laser is not particularly reliable, especially for large guns. Besides
the complexities in the electrode and virtual electrode regions, non-
uniformities in the beam develop in the drift region, scattering in the
foils affects the beam entering the laser, effects due to a second beam
entering the geometry of the first gun can be important, and partial
reflection can take place throughout the system.

In summary, uncertainties in atomic chemistry and transport and beau
breakup before entering the active region are more fundamental questions
than beam deposition itself.

3
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2. LITERATURE SEARCH AND ANALYSIS

The physics base for deposition calculation stems from early work of
Landau and more extensively by Bethe and his collaborators. Early paper- I
reviewed include:

H. A. Bethe, N. Rose, and L. P. Smith, "The Multiple Scattering of
Electrons," Proc. Am. Phil. Soc. Z8, 573 (1938).

L. Landau, "On the Energy Loss of Fast Particles by Ionization," Journal S
of Physics VIII, 201 (1944).

H. A. Bethe and J. H. Jacob, "Diffusion of Fast Electrons in the Presence
of an Electric Field," Phys. Rev. A 16, 1952 (1977). 5

These papers calculate the energy distribution of electrons after traversing a
given distance in terms of ionization cross sections, and calculate the effect
of multiple scattering on the transmission of a collimated beam, with and without 0
energy loss. For thick targets, the transmitted intensity is proportional to
l/L, L being the thickness of the target. The absorption process has three
stages. Initially the beam loses energy but is not much deflected. After
substantial energy loss the electron velocity is nearly random, and a diffusion
approximation is a valid description of electron motion. The intermediate region
between straight line and diffusion is difficult to treat, and a direct
transition between the two limits is often assumed.

Later work showed that for thick targets the simplifications of Bethe et
al. led to fairly poor approximations of the electron distribution function at
various depths. In principle this would have an impact on deposition .;redictions
because attachment rates are dependent on fe(E). In practice, the unc-rtainties
in rate coefficients and their dependence on f(E) outweigh the uncerta ities in 0
the calculation of f(E) itself. Some of the literature analyzed inci :

R. Marshak, "The Milne Problem for a Large Plane Slab with Constar.- Source
and Anisotropic Scattering," Phys. Rev. 72, 47 (1947).
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H. Snyder and W. Scott, "Multiple Scattering of Fast Charged Particles,"

Phys. Rev. Zi, 220 (1949).

M. Wang and E. Guth, "On the Theory of Multiple Scattering, Particularly

of Charged Particles," Phys. Rev. a4, 1092 (1951).

H. Bethe, "Moliere's Theory of Multiple Scattering," Phys. Rev. Al, 1256

(1953).

L. Spencer, *Theory of Electron Penetration," Phys. Rev. 98, 1597 (1955).

J. Jacob, "Multiple Electron Scattering Through a Slab," Phys. Rev. A fi,
226 (1973).

N. Tekula and J. Jacob, "Diffusion of Fast Electrons in the Presence of

a Magnetic Field," Appl. Phys. Lett. 41, 432 (1982).

5



3. THE TIGER SERIES OF MONTE CARLO CODES

The Integrated TIGER Series (ITS) of coupled electron/photon Monte Carlo
transport codes is a widely used software package permitting state-of-the-art
Monte Carlo solution of the linear time-independent electron scattering problem.
The ITS has been developed as a user code, and can be run with or without
macroscopic electric and magnetic fields of ar-bitrary spatial dependence. A
virtue of this series is that the user can select one of eight codes to run on
a machine from one of four major vendors. Physical rigor is attained by
employing the best available cross section data, along with a very complete
physical model for describing the production and transport of the electron photon
cascade from I GeV to I keV. The code can be tailored to a variety of specific
applications.

The TIGER codes are time independent, multidimensional, and multimaterlal
codes, based primarily on the ETRAN code (M. Berger and S. Seltzer, CCC-107,
ORNL, 1968), which combines microscopic photon transport with a macroscopic
random walk treatment of electron transport. The base codes of the series are
TIGER, CYLTRAN, and ACCEPT, which differ primarily in dimensionality and
geometry. TIGER is a 1-0, multilayer code, CYLTRAN uses 3-D particle
trajectories and an axisymmetric cylindrical material geometry, and ACCEPT is
a general 3-D transport code.

These base codes were designed to study transport at source energies from
a few tens of MeV down to 1.0 and 10.0 keV for electrons and photons,
respectively. Fluorescence and Auger processes are only allowed for the K-shell
of the highest atomic number element in a given material.

For some applications it is desirable to have a more detailed model of
the low energy transport. Code variants called TIGERP and CYLTRANP add a more
elaborate ionization/relaxation model originally developed for a code called
SANDYL, and extends photon transport down to 1.0 keV.

Another option called CYLTRANM combines the collisional transport of
CYLTRAN with transport in macroscopic electric and magnetic fields of arbitrary
spatial dependence using a Runge-Kutta-Fehlberg algorithm to integrate the
Lorentz force equations. An important modification of this algorithm led to the

development of the ACCEPTh code which combines the collisional transport of the

6
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ACCEPT code with macroscopic field transport. In addition to these models,

SPHERE and SPHEM are two special purpose codes that are restricted to multiple

concentric spherical shells without and with macroscopic field transport,

respectively.

This left eight separate code packages to maintain. Five of these--TIGER,

CYLTRAN, ACCEPT, TIGERP, and SPHERE--have been publicly released and are t

disseminated through the Radiation Shielding Information Center at Oak Ridge

National Laboratory. CYLTRANM, CYLTRANP, and ACCEPTN are not publicly released,

but are maintained locally for use at Sandia. Maintaining multiple code packages

became quite burdensome for the developers as well as for users. As a result,

important modifications were no longer implemented in a timely fashion.

Furthermore, the multiplicity of packages resulted in uneven development of the

various codes, such that each code can have unique features not yet implemented

in the other codes.

It is in order to remedy this situation that the ITS (The Integrated TIGER

Series) was developed. The full implementation of this series has superseded

all other versions of the TIGER series codes.

3.1 OVERVIEW OF THE ITS CODE PACKAGE

The ITS consists of four essential elements:

(1) XDATA - The electron/photon cross section data file

(2) XGEN - The cross section generation program

(3) ITS - The Monte Carlo program file

(4) UPEML - A machine portable update emulator

The heart of ITS is the Monte Carlo program file. The combined program

library file was obtained by integrating the eight codes of Table I in such a

way as to minimize the repetition of coding that is common to two or more of

these codes. This process led quite naturally to the development of a new code,

ACCEPTP. In ACCEPTP, the improved low-energy physics of the SANDYL code has been

added to the ACCEPT code. Each of the eight member codes will run on any of four

machines--CRAY, CDC, VAX (double precision), or IBM (double precision). Although

7



the codes have only been tested on these four machines, the use of FORTRAN 77

(i.e., American National Standard FORTRAN, ANSI X3.9-1978) should facilitate 0
installation on other machines as well. Additional cross section data and

associated logic allow transport from 1.0 keV to 1.0 GeV for both electrons d

photons. A new free-format, order-independent input procedure based on.

descriptive keywords and maximum use of defaults and internal error checking has S
resulted in a very simple and user-friendly input scheme. Integration of the
various codes has resulted in the availability of additional common options for

each code. Also, a general restart option has been added. In an attempt to

conform to modern programfing practices, a complete line-by-line rewrite of the S
codes was carried out with emphasis on implementing the top-down block-if

structure of FORTRAN 77. Finally, options are available for plotting the problem
geometry in ACCEPT, ACCEPTP, ACCEPTH, and CYLTRANM, and, in the case of the

latter two codes, for plotting electron trajectories in regions where macroscopic m

fields exist.

Table 1. ITS member codes.

Enhanced
Standard Ionization/ Macroscopic

Codes Relaxation Fields
(P-Codes) (M-Codes)

TIGER (1-0) TIGERP

CYLTRAN (2-0/3-0) CYLTRANP CYLTRANM

ACCEPT (3-D) ACCEPTP ACCEPTM

8



The moral of this discussion is that a user code exists which is elaborate

enough to handle very general problems, and is well maintained and documented.

However, there are two problems with this situation:

- If you are given a result based on ITS, it is important to inquire

as to what version is being used, in terms of both dimensionality

and physics, especially low energy physics.

- If self-consistent electric fields and'the currents they generate

are important, a calculation outside the framework of ITS is

required.
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4. A SINPLIFIED NODEL OF e-BEM PRPMATION

To get a feeling for the evolution of e-beam deposition theory, we built

a working model based on the 1938 papers referenced above. The treatment was

relativistic; the model divides the laser into n parallel slabs of gas of

thickness dx - g/n. Following Bethe we use the singular solution to the

transport equations, V2 - Vl/(1 + 3x/2A), to calculate the energy of electrons

emitted from the slab in terms of the energy entering the slab (V1 ) and the mean

free path based on the cross sections for scattering-at that energy, I - I (V],

gas parameters).

When the energy is reduced to an amount comparable to the original energy,

it can be shown that scattering has produced a sufficiently uncollimated beam

that a diffusion approximation to subsequent transport is more realistic than

straight-line slowing. At that point the current out of a slab is given by J S

- Jo[I - O(x/r1/ 2 )], where 0 is the error function, x is the penetration

distance, and rO - (1/6)Joskds', with s the actual electron path length. This

can be written in reasonable approximation by an expansion of the error integral,

V(j) - V(j - 1) - V(i)Xexp(-(j - 1 - 0.5)2 X2 w), where i is the index of the

slab at which the electron energy is about half its original value, and X a dx/A

where A is a mean free path.

A listing of the KA code is contained in Table 2; results of several runs

are shown in Figures 1-3, compared with Monte Carlo calculations. The abrupt S

transition between straight-line slowing and diffusion, employed in the KA code

following Bethe's original suggestion, produces a less uniform deposition profile

than the Monte Carlo code. This is a reasonable reflection of smooth vs. abrupt

changes of physics model in adjacent regions. Even so, the agreement is pretty S

good.

Parameter runs show that the results are sensitive to the scattering cross

section in the regions near each boundary; there is also some sensitivity to the

cross over point between slowing and diffusion. But the general trend shows, 0

as we said above, that energy deposition is not as big an issue as the low energy

distribution of scattered electrons, which is going to be inaccurate as much

because of uncertainties in the cross sections and rates at those energies as'

it is because of approximate treatment of slowing and diffusion. 0

10
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Table 2. A Program to Calculate Electron Energy Deposition in a Gas Laser

real e(20),v(20).de(20),de2(20)
real kev
real j
character ENSI
character*3 BKG
character BEGX(3
equivalence (BEG,BEGX)
character c
real b(3)

CALL SETSCREEN(begx, endh)

write(*,*) beg,'USE,t4RLl.AID' ,endh
pause '
write(*,*) beg, 'USE,NRL2.AID' ,endh

CALL PARAMETERS(beg,g,kev,J,p,a,bb,cc,ri,endh)

**Begin the deposition calculation
v(1) - 1.9e9*kev**.S *sqrt(l.+kev/l.e3)/(1..2.*kev/l.e3)
e(1) - kev
dx - g/n

**Assume an incoming current of 1 electron/cu
*e- energy(Icev)/electron; (J*A/q)*e key/sec incoming energy

det - 0.
**For I electron use Ne - /gY (el/cm); Later use J(kA) to get Ne

eno - 1./v(1/g
enO - j/v(1)/1.5e3
dt - e(I)*v(1)*g*eno

do 10 i -2,nt1
xgen - 07e*/eb)1.**1.2e3eiI)(.

$ I.e-3*e(i-1)))**2*log(64.*(e(i -l)+1O.))
v(i) - v(i-l)/(1.+1.5*xgen*dx)
e(i) - e(i-l)/(1.+1.5*xgen*dx)**2

**de -ev/sec/cm deposited in dx; det - total energy/sec deposited in G
de(i-1) -(e(i-1) - e(i))/dx
det - det + de(i-1)*dx
if(e(1) .ge. kev/1.4) go to 10

do 14 j - i+l,n+l
x - 1.1*dx*xgen

de(j-l) -(e(j-1)-e(j))/dx
det - det + de(J-1)

14 continue
go to 19

11



10 continue

19 doZ20 1 - 1,n0
de2(i) - de(i) + de(n+1-l)

20 continue

SPrint Output

do 30 1 - 1,n
x - float(i)*dx
print 130, x,v(i).e(i),de(i),de2(i)

130 format(' ',f4.1,9x,elO.2,2x,el0.2,4x,el0.2,4x,elO.2)
write(69130)x,v(i) ,e(i) ,de(i) ,de2(i)

30 continue

print 140,det,dt
write(6, 140)det,dt

140 format( ',/,' Energy deposited/s - 'Jf7.1,1 kev. Energy expende
Sd/s - ',f7.1,' key. (1 el./sY)'
print 15O,a,bb,cc
write(6,150)a,bb~cc

150 format(' I,'& - ',f6.3,' bb - ',f5.3,' cc 1 ,1`5.3)
end

SThe calling rule for Hi Screens
SUBROUTINE SETSCREEN(begx, endh)
character endh
character begx(3)
8EGX(1) - CHAR(19)
BEGX(2) - CIIAR(255)
BEGX(3) - CHAR(1)
ENDH - CHARM1
return
end

SInput par ame ters from the screen
SUBROUTINE PARANETERS(beg,g,kev,j,p,a,bb~cc~n~endh)
real key
real j
character ENOH
character*3 beg

3 write(*,*) beg,'SCREEN,*',endh
read(*,4) rcode 4

4 format(M0)
5 format(fS.1)
6 format(iS)

write(*,*) beg,'recover,g'~endh
read(*,5) g
write(*,*) beg, 'recover~kev' ,endh
read(*,5) key
write(*,*) beg,'recover,j',endh

12



read(*, 5) j
write(*,*) beg, 'recover~p',endti
read(*,5) p
write(*,*) beg, 'recover,a' ,endh
read(*,5) a
write(*,*) beg,'recover,bb',endh
read(*,S) bb
write(*,*) beg, 'recover~cc' ,endh
read(*,5) cc
write(*,*) beg, 'recover,n' ,endh
read(*,6) n
Open (unit-6, flleu.'nr1.run')
write (6,100)p~j,kev,g

100 format(' ','P - 'Jf4.1,' aft, J - 'f6.1,' kaqps, Energy-'f61
S' kev, gap - ',f4.1,' cm',,/)
print 100, p,j,kev,g
write(*,*) beg,'USE,NRL3.AID',endh
write(*,*) beg,'DISPLAY,P,m',p~endh
write(*,*) beg,'DISPLAY,kev,.',kev,endh
write(*,*) beg,'DISPLAY,J,m',j~endh
write(*,*) beg,'DISPLAY,G,.In,g,endh
print 110

110 format(' ',///)
write(6, 120)

120 f'ormat(' ',2x,'distance',7x,'Ve(cm/s)',Sx,'Ee' lix,'En Dep',10x,'2
$-beams' ,/)
return
end
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P a 1.5 a tu, J 10.0 keMpS, Energy - 250.0 kev, gap - 30.0 ca

distance Ve(cM/s) Be gn Dep 2 -beams O

( .9 .223+11 .253+03 .173+02 .178+02
3.8 .213+11 .223+03 .193+02 .183+02
5.6 .193+11 .193+03 .19Z302 .193402
7.5 .17Z+11 .153+03 .123+02 .133+02
9.4 .163+11 .133+03 .11+02 .133+02

11.3 .153+11 .•113+03 .923+01 .128+02
13.1 .133+11 .908+02 .753+01 .113+02 0
15.0 .123+11 .763+02 .593+01 .108+02
16.9 .113+11 .653+02 .443+01 .103+02
1838 .113+11 .573+02 .333+01 .113+02
20.6 .101+11 .513+02 .233+01 .123+02
22.5 .963+10 .463+02 .163+01 .133+02
24.4 .933+10 .433+02 .11Z+01 .13R+02
26.3 .913+10 .41Z+02 .71Z+00 .198+02
28.1 .893+10 .408+02 .453+00 .183+02
30.0 .653+10 .392+02 .273+00 .178+02

Energy deposited/s - 159.1 key. Energy expended/s - 250.0 key. (1 e1./8)
a , 1.000 bb - 1.000 cc - 1.000

3q"A f3. C. • 6P, -j .aAr 0,-

"Me"k C ' Cl.6 C..

Figure 1. Dissipation of a single 250 keV beam. 0
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P a 2.0 *to, J - 10.0 kemps, IEnergy - 250.0 key, gap " 20.0 ca
distance Ve(cM/s) 1e en Pep 2-beams

5.4 .22+11 .25:403 .223402 .233+022.9 •.2U+ 11 •.22X+03 .23+02 .255+024.3 .190+11 .103+03 .25Z+02 .273+025.7 .171+11 .159403 .161+02 .198+027.1 .163+11 .133+03 .143+02 .193+02•S .151,11 .11U+03 .12R+02 .183+0210.0 .131+11 .899+02 .982+01 .173+0211.4 .123•11 .749#02 .769+01 .173+0212.9 .111+11 .633+02 .571+01 .183+0214.3 .113+11 .553+02 .413+01 .198+0215.7 .994+10 .493+02 .291+01 .193+0217.1 .9•2+10 .451+02 .203+01 .27Z+0218.6 .92Z+10 .423+02 .133+01 .253+0220.0 .903+10 .403+02 .835+00 .233+02
Energy deposited/s - 117.8 key. leorgy expemndd/s - 250.0 key. (1 el./s)a - 1.000 bb - 1.000 cc - 1.000

"A Rf ";f
e 11.4L We -*IS L -.

I'A

Figure 2. Dissipation of two 250 key beams.
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P - 2.0 a&t, J - 10.0 kamps, Energy - 285.0 key, gap - 20.0 cm

distance Ve( =/S) Be En Dep 2-beams

.7 .233+11 .298+03 .21Z.02 .23Z+02
3.3 .22Z+11 .253+03 .22Z+02 .25Z+02
5.0 .203+11 .21Z+03 .233+02 .208+02
6.7 .183+11 .13+03 .153+02 .213+02
8.3 .173+11 .153+03 .143+02 .213+02

10.0 .153+11 .133403 .123.02 .213+02
11.7 .143+11 .113+03 .973+01 .213+02
13.3 .133+11 .913+02 .773+01 .213+02
15.0 .123+11 .793+02 .603+01 .21Z+02
16.7 .113+11 .693+02 .453+01 .283+02
18.3 .113+11 .613+02. .333+01 .253+02
20.0 .1O3+ll .563+02 .243+01 .233+02

Energy deposited/s - 183.8 key. Energy expended/s - 285.0 key. (1 el./s)
a - 1.000 bb . 1.000 cc = 1.000

t ,r . , 5:AJ e-8E ,,,0
rv-" * 7.0 -4,v,

"-.. - . ... .ia 4:1sJI•..

0-0

jq

-,-7 jo j"3 X-7 z£0

C L^/

Figure 3. Dissipation of two 285 keV beams. 0
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5. RETUM CURRENTS, LASER PERFOImANCE, AND OTHER DETAILS

A number of conversations, discussions, and literature analyses dealt with

"anomalies" in laser performance. My initial approach was to look for specific

cases where conventional treatments of laser deposition failed to agree with

experiment. This didn't produce any showstoppers, so I broadened it a bit to

look at aU vagaries in laser performance related to electrons interacting with

KrF.

One useful discussion was with Alan Hunter of Thermoelectric Corp. Hd

made a number of useful points based on his previous experience:

- The most common reasons for breakdown in Monte Carlo modelling are

unrelated to the N.C. met'od itself. They include:

- Neglect of relativistic corrections

- Errors in calculating scattering in all foils
- Inaccurate modelling in the gun and electrode region for 2-beam

systems, where penetration of one beam into the opposite gun

can cause reflection, nonuniform lateral fields, and similar

complications
I

- The Japanese have constructed analytic fits to N.C. calculations,

at energies up to 20 MeV, which are purportedly useful in parameter

variation and modelling. Examination of these papers showed work

of about the same level as the KA code described in the previous

section, except they showed more emphasis on curve fitting rather

than on physics models. All of this showed general satisfaction with

the use of N.C. for deposition calculation.

- More detailed simulations track beam propagation, energy deposition,

species pumping down to a fraction of an eV; these show difficulties

in modelling that transcend the calculation of uniform volumetric

power deposition. This is because the rate of electron attachment

to F2 is strongly dependent on the low energy electron distribution

17



f(E), with the cross section going from a very large value at E -

0 to a very small value at 0.03 eV. Electrostatic fields from charge 4

buildup have a dominant effect on the low energy part of f(E).

Return currents reduce the electrostatic field, and directly

influence the low energy part of f(E). A self-consistent solution

to the determination of f(E,t) in the energy region below a few eV

is beyond the scort of simulations done to date.

There have been comments by experimentalists that indicate the

electron penetration is less in experiments than predicted by the

N.C. codes. This is consistent with the notion that electric field

buildup has a macroscopic effect on total energy deposition per cm.

In addition to those comments, other information relevant to return currents

and/or laser performance include the following:

Comments by Dr. J. Jacobs of SRL indicated his belief that return

currents would be small due to enhanced electron attachment to F2 . 0

In my opinion, that argument emphasizes the point I've been making.

Electric fields and return currents dominate the electron

distribution f(E) at low energies, which directly affects attachment,

which has a big effect on the gas kinetics. So return currents are 0

an important effect, especially if attachment keeps them artificially

low.

Research at AVCO by Mangano et al. showed the effect of return 0

currents in a single beam system by using various boundary

conditions. With a transparent grid boundary, a magnetic field

developed in the gap, consistent with a one-sided current. When the

grid is replaced by a solid insulator, the magnetic field quickly 0

decays, indicating the presence of a counter current which cancels

most of the e-beam current.

1
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Conversation with Roger Haas at UC Davis emphasized the fact that

it is well known that the electron distribution following e-beam

deposition is non-Maxwellian. At low energy the first break in the

distribution from Maxwellian is due to F2 attachment, at nearly zero

energy. Another break in f(E) can occur at energies corresponding

to the ionization threshold of Ar, at about 0.4 eV.

Dr. Haas also pointed out several other potential dangers when return

currents become strong. Electron heating by the return current can

be substantial, further altering the low energy distribution of

electrons.

In addition to these general and various effects, a specific danger

emerged, namely that buildup of a background electric field would

generate a return current sufficient to drive the well known

ionization instability (see, e.g., "Stability of Excimer Laser

Discharges," Roger A. Haas, in Applied Atomic Collision Physics, Vol.

3, Academic Press, 1982).

19
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6. IONIZATION INSTABILITY Ih THE NRL EXPERINEIlTS

Experimental development of discharge excited excimer lasers has shown

that their performance characteristics are limited by an ionization instability.

The instability leads to a collapse or filimentation of the discharge, usually

terminating laser operation after a few tens of nanoseconds. The same process

can affect high power e-beam driven discharges, in that the buildup of electric

fields will drive a return current which may reproduce the phenomenology found

in discharge driven devices.

The onset conditions for the ionization instability depend on a local

imbalance between electron production processes and loss processes in the

discharge. Because the e-beam also produces ionization, it can have a

significant effect tending to quench the instability, besides being the source

of the currents which tend to drive the instability. In discharge systems the •

instability occurs under the conditions for optimized laser performance. Whether

the beam damping will be enough to stabilize the mode depends on a detailed

accounting of the beam ionization rates and the F2 electron attachment rates..

The importance of the ionization instability would be that it produces 9

a striated or collapsed discharge, with the plasma forming alternating layers

of high and low density, with planes of constant density oriented normal to the

e-beam. It is possible to get some ideas of when these effects might come into

play. Using 0

V * E - 4wnee

and noting that during the kinetic phase where the (deposited) electron density 0

is increasing with time

1 dEe lot

ne= (C Ux-) -e-- 0

where dEe/dX is the energy deposited per cm, Eo is the original energy, and 1o/Ae

is the number of electrons entering the laser per second. This gives
2
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E - 4u10t f (I/Eo)(dEe/dx) dx

1Return ' Io 4wat f (I/Eo)(dEe/dx) dx

where

a- neeo2 /ene

is the conductivity and vne is the collision frequency of electrons witth

background materials. The time to develop a return current comparable with the

beam current is

t me' meno~ne'e
t 4neev - 4Unee2

which for electron densities in the range 1013 cm"3 is 10's of nanoseconds or

less. However, it may not be necessary for IR 2 1o to trigger ionization

instability, and a calculation of the steady state current will doubtless be more

significant than the condition IR - 10. It is clear that since this balance

between currents and rates is crucial to stability, a self-consistent model is

essential.
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7. RECOUI0ATIONS

At this point in the study, my opinion is that as a general technique for

calculating energy deposition, thp Monte Carlo code is potentially adequate.

"Potentially' is because the code exists in many versions; it is necessary for

the researcher to take care both in calculating electron propagation in the gun- S

electrode-drift-foil region as well as using the code version best adopted to

KrF, particularly the low energy physics package.

There are at least two issues more vital than simple deposition. First

is that the laser performance will depend critically on the low energy (I few 0
eV) electron distribution and the rates for attachment, etc., at those energies.

Neither of these is particularly well determined; this lack may be too difficult

to remedy in a reasonable time frame for KrF development.

The second issue is that of ionization instability produced by the return

currents and electrostatic fields generated during e-beau deposition. It may

be possible to impact this problem with a small study at the level indicated in

the cover letter to this report. What has to be done is the following:

- Develop a simple model for electric field (E) buildup, taking into

account the mobility of electrons after deposition and loss to the

boundaries.
- Estimate IR(t) from the fields determined in the above model.
- Apply the stability calculation to a KrF system with the E/n

determined above.
- Estimate the stabilizing effect of ionization produced by the e-

beams.

This can be as complicated a problem as one chooses to make it, but I

believe an estimate can be obtained with three to four weeks work which will

show under what conditions an e-beam driven KrF system might arguably be unstable 0

due to this return current effect, and what choice of parameters would tend to

avoid it.
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I. INTROIXCTION

The stability of excimer laser discharges1 has been studied for many

years. 2 -7 It is well known that performance characteristics and scalability are

limited by an ionization instability, produced by a local imbalance between

electron production rates and loss processes. In this instability, a local

increase in electron density leads to a state where the ionization rate (electron

production) exceeds the loss rate of electrons by direct processes (attachment)

or indirect processes (metastable quenching). The instability leads to a

collapse or filamentation of the discharge, terminating operation after a few

tens of nanoseconds. It has been shown 2' 5 that sustaining the discharge by a

high energy electron beam adds to the stability, if a significant fraction of

the total power deposited in the laser is supplied by the electron beam.

An understanding of the parameter range for beam-induced stability is

clouded by the effect the beam can have on the equilibrium, in addition to its

effect on the stability of a given equilibrium. Thus, for example, Reference

7, which gives an excellent survey of excimer laser stability, reports a

stability criterion (Ref. 7, Eq. (19)), Seb > nenik1i as the minimum ionization

rate by the beam for stability (S is ionization rate due to the beam, ne the

electron density, n1 the density of the first excimer excited state, and k11 the

rate of ionization from the excimer excited state). 1' 2  On the other hand,

experiments and analysis2-5 reported in Ref. 7, Eq. (27), find that stability

of this type of discharge requires Seb c n kakq/4nklik0 1 , where nF is the

density of F2, ka is the attachment coefficient for e + F2- F + F', kq is the

rate for quenching the metastable state nI by F2, n is the total gas density,

and k., is the rate for excitation of the metastable state nI by electron impact.



The reason for a stability range rather than a stability limit lies among

other possibilities in the dependence of the electron density ne and the rate

coefficients k,,, etc., on Seb, and on E/n which also depends on Seb.

In this report we describe research on the stability of a high power

output KrF laser system in which the high energy e-beam dominates both the

equilibrium and stability of the discharge, i.e., in which the discharge is

maintained by the e-beam rather than electrically. The elements we consider are

(1) the bifurcated equilibria possible in this system, (2) the return currents

and E/n produced by the electrons deposited by those currents, and (3) the

stability of the more likely equilibrium, as a function of beam current. As a

guide in the stability analysis, we follow closely Reference 6, which also

specifically recognizes the influence of separate stability phenomena and

equilibria phenomena in calculating the threshold for stability in beam sustained

systems. 6
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2. RETURN CURRENTS AND RELATED PHEDIEIDLOGY OF AN e-SENt-ORIVEN KrF LASER

A significant phenomenon in a KrF system driven by a high power electron

bean is that electron deposition can create a substantial charge density, leading

to an electric field and current typical of a discharge laser. This current can

affect the operating point of the laser as well .as its stability. In this

section we derive some of the features of a laser dominated by e-beam deposition.

Beam electrons deposited in the laser set up an electric field whose

potential is given by

V20 4 weneb , (1)

since the secondaries produced by ionization, etc., are balanced by an equal

charge density of ions. This potential drives part of the dense cloud of slow

secondary electrons out of the system, reducing the charge density. In

equilibrium the return current Jr equals the beam current Jb* Although the

current is determined by the beam current, the electric potential and unbalanced

charge density to support it is determined by the conductivity of the gas.

Note that in the absence of return currents, the electron density increase

due to beam deposition is

ne (due to beam electrons) - Ab ( x) x electrons (2)
cm) cm-s

where 3 b is the electron beam current. For a pulse length of 100 ns, gap width

of 10 cm, and current of 50 A/cm2 , Eq. (2) would give an excess electron density

3



and corresponding electric field of

ne(beam) - 3 x 1012 cam 3
Ce

E (beam) - 1010 Volts/meter

which would drive a current far in excess of the beam current. 8  So a return

current is absolutely required to reduce the charge imbalance and maintain a

self-consistent electric field.

To estimate the electric field in steady state, we assume that the plasma

current balances the beam current, so the field is given by

E- Ib(A) R(ohus)/L(m) (3)

The resistivity can be expressed in terms of the background gas density and the

electron density and temperature, 8 giving the familiar (for gas discharge

physics) form

E 3 x 1015 I/Te(eV) Jeb(A/cm ) Townsends (4)n n -e(CM.3)

where n is the neutral gas density and I Td - 10"17 V-cm2 . This is a normal

level of E/n for discharge driven lasers, showing that the effect of return

currents in these high powered beam driven discharges is substantial.

The result Eq. (4) assumes steady state. The buildup of E with time can

be calculated from the rate of electron deposition Eq. (2) giving

4
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E - 4U1bt f (1/Eb)(dEb/dx) dx (5)

'Return - Ib4 4rt f (1/Eb)(dEb/dx) dx (6)

which shows that a current comparable to the beam current develops in a time

t - 10"15 no/ne s (7)

where no is the neutral gas density. This short time scale means that the

assumption of steady state is a good one, and that Eq. (4) is a reasonable

estimate of E/n. The excess electron density consistent with the calculated

electric field can be obtained from Eq. (1), giving

n e=eces 2 x 104 (n-oe) Jb cm-' (8)
* ~~ne(eXcess)i xO 4  i)i hu.()

e

Since typically no/ne - 104 and Jb < 102 amps/cm2 , it is clear that the excess

of electrons produced by the beam is not of high enough density to affect the

kinetics.

For later reference, we estimate the ionization rate due to the beam

deposition. Assume Eb is the beam energy per electron, and that during

deposition eEb goes into ionizing the gap. Take Et to be the ionization energy.

Then from Eq. (2) the total energy density which goes into ionization per second

is

5



eVi (c dn e

ET( )- 6 x 101 8 J(Acm) eEb(eV) -E (9)

and the electron production rate becomes

Seb 6 x 1018 (A/m2) Eb el (10)
" L , c .. o

This will be used in both equilibrium and stability calculations below.

O
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3. EQUILIBRIUM IN A KrF LASER

We consider a simplified model for the KrF system, with the densities and

atomic processes as listed in Table 1.

Table 1. Elements of the KrF kinetics model.

Densities: electron Kr-ground state (Kr+Ar)Metastables Argon F2

ne nk n1 n, nF

Rates and processes:

k0 1 : Kr(Ar) + e - Kr*(Ar*) + e

kii: Kr*(Ar*) + e - Kr+(Ar+) + 2e

ka: e+ F2 - F + F"

k : Kr*(Ar*) + F2 - KrF*(ArF*) + F

The equilibrium equations, similar to Refevence 7, are then

dne
aF Seb iine k anFe n (11)

dn1

t- SM + k 0lneno0  knien1 - kqnlnF (12)
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where SM is the rate of production of metastables by the e-beau, given for argon

by 7 Sm M Seb/ 3 "S"

Solving with dn/dt - 0 gives the coupled equations

Seb

Seb (13)ne -nFka- - njkll

nl nonek0 1 + S (14)
1 n ekt + nFkq

and solving gives the equilibrium electron density 0

n " ± 2[(n~k k Sk.) 2 - 4Se nkM] 1/2
n F a Ii Fk1  ( kakQ ii) eb F q 15

e- 21 (15)

M * noneko1 - nFkak ,ii (16)

S Seb + SM

There are several branches of equilibria

a. Seb << n2kqka/kl,

al. n Fka < nok01

In this branch of weak beam equilibria, there are two solutions to Eq.

(15), namely,

8
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nel Seb/nFka (17)

and

2~aq( SebnOkolkl_3.,. t

nnkakq(1 - (18) )

ne2 - n0knlk1 - nFkaklt (18)

From both branches, using the limiting Seb for case a,

n3k k2

Seb < a for equilibrium (19)eb"4nokol kl t

This is the sam as Eq. (4), Reference 5, where it is listed as a itakility

condition.

There is a strong beam solution to the equilibrium equation (15), namely

S > nk ka/k 11 . This limit will not give a real, positive value for the electron

density unless Seb is actually somewhat higher, giving the following regime.

0
b. Seb > 4nFkqn~k01/k! nFka > n0k01

This limit has an electron density which to lowest order is independent

4b of Seb,

S= nFk/•,ki (20)

9
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This limit gives an electron density independent of Seb; to reach It

requires transiting a parameter range which may be unstable as in discharge

driven cases where ne is also independent of Seb, or may not have an equilibrium,

with Eq. (15) giving negative or complex ne. It is beyond the scope of the

present study to examine this density range, not usually considered in the

existing literature. 1-7 Nevertheless, it may be worth further study to determine

if this region can in fact be accessed in a real system, and whether it would

be desirable from a stability standpoint to do so.

S

10



4. STABILITY OF AN e-BEAN DRIVEN KrF LASER

We consider a system with ne given by Eq. (17), Seb limited as in case

a, and E/n given by Eq. (4). In analyzing the stability of the e-beam pumped

KrF systems, we use the following values 6 for kinetic rate coefficients, defined

in Table 2.

Table 2. Rate coefficients for the kinetic model in Table 1.

Metastable Ionization k11 l 6 x 10-8 cm3/S

Electron attachment ka 4.3 x 10"9 (E/n)"0.63

10 3Metastable quenching k =7.5 x -10 cm3/s
q

Metastable production ko1 - fn (E/n, ne/n) - 10"11-10"13

Long6 gives a set of empirical curves for k01 as a function of E, n, ne. We use

a crude fit to his curves for the purpose of estimating critical parameter

ratios,

k01 - 2.5 x 10-13 (E/n)3/2 for ne/n - 3 x 10. 6  (21)

11



Figure I shows the parametric dependence on ne/n. 0

Stability is calculated by perturbing the electron and excited excimer

densities, ne ne0 + ne exp(-iwt), n1 - no + n1 exp(-itit), substituting intodniesne e n e1 1

Eqs. (1l)-(12) and linearizing. The fact that the metastable production rate

kol is a strong function of E and ne must be recognized by writing

k - 1 + k] exp(-itt) (22)
01 01 k01 e

1i aolE '1101 1i(3k01 . - +_ene . (23)
e

The perturbed field El can be obtained as follows. There are two special

cases of the relation between the current, voltage, and external circuit. One

is the voltage limited case, where a change in the discharge impedance changes

the current. In that case,

a k01  1 14
k0l (Voltage limited) - (24)

e

A second limit is current limited, where a change in discharge impedance causes

a change in the voltage, the current held constant. For constant current, J -

eneVe, So

e 1 e i +I e El
Se e e 1 e0

and

12



t 01 e + (ene)ne 1 k0 1  1
k6,(current limited) -- [ - -V - ] ne + 3 ne (25)

e 3

From Figure 1, ko1 varies more strongly with E than with ne, so an increase in

electron density causes a decrease in the metastable- production rate coefficient

for the current aimited case, while for the voltage limited case, kI1 and ne are

in phase, 8ko1/ane > 0.

Linearizing the kinetic equations (11)-(12) about a small perturbation

- e(-iwt) gives the stability condition (Im w a 0)

Seb kn
n- kQnF > kne [k11no (1 + 01 e) - kanF] (26)

10 e

The value of ko]/ne depends on whether the discharge is voltage or current

limited. On a sufficiently long time scale the current will be constant,

determined by the beam deposition rate. But on a shorter instability time scale,

a variation in the impedance will produce a variation in the current, since the

density of excess electrons has not changed. Thus we consider first the voltage
!11

limited case. In that case ko1/ne > 0, and the right-hand side of (26) is

positive. It may appear that (26) then gives a lower limit on Seb for stability.

However, if the dependence of ne on Seb is included from Eq. (17), the stability

condition gives instead an upper limit on Seb,

3 2
Seb < n kqk for stability , (27)

13
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which is comparable to the limit on Seb from equilibrium constraints.

Using Eqs. (4) and (10), taking i - 1/2, and estimating k01 a 10" gives

Jeb <2 x 10-26 OF LE 1012 (28)Ob -';T +

It is instructive to compare this result with the result obtained assuming

1 1 l
a current limited discharge. In that case, ko1/ne is negative and the discharge

is stable to the uniform perturbation assumed above for any beam density.

However, as has been noted in Reference 6, experiments show that current limited

discharges are also unstable, but to a disturbance that produces fllamentation

in the current. Figure 2 shows data indicating the stable operating regimes in

this limit. Equation (4) and the equilibrium equation (17) can be used to

estimate E/N - 5 Td which corresponds to stable e-beam currents less than 5-10

A/cm2/amagat, which is comparable to that obtained from Eq. (27).

The point in both of these cases is that the E/n which develops is only

weakly sensitive to jeb' since it is proportional to jeb/ne and ne - jeb in

equilibrium. Both theoretically and experimentally, a fixed E/n is only stable

up to a critical beam current, given approximately by either Eq. (27) or Figure

2.

14



5. CONCLUSION AND SUIARY

In previous studies, both experimental and theoretical, it has been shown

that discharge-driven KrF lasers are subject to an ionization instability driven

by multistep Ionization processes Involving the metastable states of Kr or Ar.

In the present study it is shown that a sufficiently intense e-beam driven laser

can also be subject to these instabilities.

The mechanism is that the electrons deposited by the beam create a local

charge imbalance which, due to finite conductivity, sets up an electric field

of comparable size to that which drives discharge lasers unstable. Just as the

e-beam current has a maximum stable value in a discharge laser, it has a similar

stable value in an e-beam driven laser. The primary effect of the electric field

is to increase the rate coefficient for metastable production by electron

bombardment.

Both volume and striated modes of instability are possible. We have

treated the volume mode analytically and referred to experiment for the striated

mode. Both give similar current levels for stability. To extend the stability

range, Eq. (27) suggests increasing the density of F2, and/or tailor the e-bean

pulse to compensate for the loss of F2 during the experiment. Raising no can

also increase the stability range. This may seem to contradict Eq. (27), but

in fact klt - no3/ 2 , so that higher no increases the stable Seb. The same trend

obtains for the striation instability, as seen in Figure 2, where decreasing nF

reduces the stable current. We recognize that there is an optimal nF for maximum

output, but the stability constraint should be folded into the choice of this

parameter.

15



Finally, the dependence of electron temperature Te on beam current has

been neglected as beyond the scope of the present calculation. This could 0

influence the E/N produced by a given current, and change Seaxb A more detailedeb

treatment of the dependence of the metastable production rate k01 on electric

field and on electron density should also be carried out if more precise results

are desired. But the present work demonstrates the physics and points to a

stability limit due to e-beam induced return currents.

AaaWLEDGMENT

This work was supported by SAIC under a contract to the Naval Research

Laboratory. We especially thank Dr. Steve Bodner, NRL, for his support and

encouragement. 0

16



REFERENCES

1. N. Rokni and J. H. Jacob in Apolied Atomic Collision Physics, H. S. W.

Hassey, E. W. McDaniel, and B. Bendersen, eds., Vol. 3 (Academic Press,

New York, 1982), pp. 273-317.

2. J. 0. Daugherty, in Princloles of Laser Plasmas, (G. Bekefi, ed.), 'Chapter

9, pp. 369-419 (Wiley, New York), 1976.

3. J. D. Daugherty, J. A. Mangano, and J. H. Jacob, Appi. Phys. Lett. 28

581-583 (1976).

4. R. T. Brown and W. L. Nighan, Appi. Phys. Lett. U, 730-733 (1978).

5. R. T. Brown and W. L. Nighan, Appl. Phys. Lett. 35, 142-144 (1979).

6. W. H. Long, J. Appl. Phys. 5%, 168-172 (1979).

7. R. A. Haas in Aoplied Atomic Collision Physics, H. S. W. Hassey, E. W.

McDaniel, and B. Bendersen, eds., Vol. I (Academic Press, New York, 1982),

pp. 423-451.

8. N. A. Krall and A. W. Trivelpiece, Princioles of Plasma Physics, (McGraw-

Hill, New York, 1973), pp. 330-331.

9. L. R. Peterson an& J. E. Allen, J. Chem. Phys. 56, 6068 (1972).

17



10,10

10-11

013

95% Ar

10-14
2 4 6 8 10 12 14

E/n 0 (Td)

Figure 1. Metastable production rate. Parameters for the curves from0
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Appendix D

On Possible Stabilization of Ablatively Accelerated
Foils by Strongly Coupled Plasma Effects



On possible stabilization of ablatively accelerated
foils by strongly coupled plasma effects

A. L. Velikovich

Laboratory for Plasma Research
University of Maryland

College Park, MD 20742

Abstract: Possible stabilization of Rayleigh-Taylor (RT) instability of ablatively ac-
celerated foils caused by strongly coupled plasma (SCP) effects has been analyzed as a
general concept, as possible explanation of earlier NRL experiments (Grun et al., Phys.
Rev. Lett., 1987), and as a reason to pursue further research on SCP physics. The stabi-
lizing influence of SCP effects, such as modification of equation of state, plasma viscosity,
thermal conductivity, surface tension, and mechanical rigidity (the last two mechanisms
correspond to possible plasma phase transition into a condensed state), estimated from
above in a most generous way, have been found insufficient for suppressing RT instability,
in particular, in the case of experiment cited above. Alternative explanations for lack of
observed perturbation growth in the short-wavelength range in this experiment are dis-
cussed.



1. Introduction
Rayleigh-Taylor instability of ablatively accelerated targets is known to be a major

problem for the direct-drive concept of laser fusion. Ability to suppress the RT instability
is a prerequisite for making this concept feasible.

Unfortunately, with high-temperature ablated plasma much lighter than the dense
accelerated layers, the effective Atwood number A is very close to unity, and we have
therefore to deal with the most dangerous kind of RT instability. It is known that for
A = 1 the dominating instability mode of a layer supported by the pressure of a massless
fluid against gravity, is the so-called global RT mode, whose growth rate equals VT (g
is acceleration, k is the perturbation wavenumber), and is therefore independent of the
density and pressure profiles, equation-of-state (EOS) of accelerated material, etc."2 It is
easy to explain independence of the equation-of-state: the global RT mode corresponds
to purely interchange, divergence-free perturbations, volume of any plasma particle being
constant in time. Consequently, compressibility of those particles is never tested (this is
why the growth rate does not depend on the equation-of-state), and no energy is required
for compression (thus this mode is the fastest one). The independence of the flow profiles,
though not so evident (e.g., see3 and the comment4 ), is nevertheless an established fact.
If one aims at suppressing the RT instability, no simple rearrangement of the fluid profiles
and the EOS would help. The very nature of the perturbed flow should be changed in a
radical way.

Of course, the RT instability of an ablatively accelerated foil is not exactly the same as
that of a plane layer in a gravitational field. Flow of plasma particles through the unstable
zone and non-uniformity of the acceleration profile should both contribute to stabilization.'
However, this stabilization is not particularly effective for large perturbation wavelengths,
the decrease in growth rate being given by a factor of about 0.9. Here again, variation of
the fluid profiles and properties within an order of magnitude is not likely to produce a
major stabilizing effect. For stabilization, one should use mechanisms capable of changing
the perturbed flow qualitatively.

The aim of this paper is to investigate whether the required stabilization could be
produced by the strongly coupled plasma effects. Indeed, the ablatively accelerated plas-
mas (especially the cold, dense layers) are known to be non-ideal, strongly coupled, with
the values of the coupling parameter r typically in the range between 1 and 10.6.7. In
principle, the SCP effects could substantially modify all the plasma properties, from its
kinetic coefficients to the EOS. Plasma phase transition to a liquid-like (and even solid)
state is not excluded also.

Particular attention is to be paid to the still unexplained experimental results of Ref.
8, where no appreciable growth has been observed for short-wavelength perturbations with
A = 50 jm, whereas observed growth rates for long-wavelength perturbations (A =100 and
150 pm) were quite close to the classical V'/. Though this result has not been confirmed by
subsequent experiments, the experimental conditions of s also never have been reproduced
exactly. The possibility, however small, that this experiment has accidentally produced
conditions favorable for suppressing the growth of short-wavelength perturbations (maybe,
by some SCP mechanisms) should be carefully analyzed.

Though physics of strongly coupled plasmas has been an area of extensive research
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for several decades, there is still some uncertainty in calculations of basic SCP parameters
and kinetic coefficients like compressibility, viscosity or thermal conductivity, even in the
extensively studied case of a hydrogen-like (fully ionized) SCP. Considerably less is known
about partially ionized SCP, where additional collective effects are possible due to over-
lapping of the wave functions of bound electrons in neigbouring atoms. The SCP realized
in laser-fusion experiments appear to belong mainly to this latter type.

Quantitative theoretical studies of laser-produced SCP are particularly difficult (and
their results accordingly uncertain) since the coupling parameter. r, often being of order
of (and greater than) unity, cannot be made very large. Indeed,

r = (ze)2  8.6 Z 2 (n/5. 1022 cm- 3 )1 /3

aT T (eV) ' (1)

where T is the plasma temperature, n is the ion density, a, = (3/4irn)1/ 3 is the "mean ion
radius". We see that it is very difficult to produce laser plasmas with r greater than, say,
20. Indeed, increasing ion number density of a singly ionized plasma to 1024 cm- 3 , one
can gain a factor about 3; however, this degree of compression is hardly possible without
plasma heating to several eV, the net result being rather a decrease of r. Whenever Z
is greater than unity, the contribution of the Z 2 factor is usually more than compensated
by the corresponding increase in temperature, so that for a pusher-fuel interface one can
hardly expect r to be greater than 3 to 5.

The general characteristics of strongly coupled plasmas are "cold" and "dense". How-
ever the degree 1/3 in Eq. (1) indicates that when one needs to produce a SCP with
very large F, it could (and, in effect, should) have very low density and low temperature.
Indeed, pure ion or electron plasmas can exist only at low density (recombination of a
two-component plasma at low temperatures would be inevitable). A decrease in density
by 14 orders of magnitude from the solid-state level to (1 - 2) • 108 crn- 3 accompanied
by decrease in temperature by 6-7 orders of magnitude from 1 eV to 1-10 mK in exper-

* iments with laser-cooled ions in Penning traps (e.g., see Refs. 9, 10) results in overall
increase in r, which could achieve a few hundred. The same refers to the 2-D systems of
strongly-coupled electrons, also produced at cryogenic temperatures 11,12: in the range of
typical electron densities 107 to 1010 cr- 2 (which corresponds to the same values of ai as
number densities per unit volume 1011 to 1015 cm- 3 ) high values of r are obtained at the
temperatures about 0.1-1 K.

Therefore, laser-produced strongly coupled plasmas fall into the most uncomfortable
range of the SCP parameters, where one cannot make use of reliable theoretical results
obtained in the in-it. of very large r. However, filling the corresponding (very large)
gap in the theory oi SCP is certainly beyond the scope of the present report. My main
goal is to estimate whether the SCP effects could be sufficient to suppress RT instability
in the experiments with laser ablative acceleration of thin foils, conditions of the NRL
experiment" being an important example and a reference point.

For this, a complete theory is not required. The SCP effects could be estimated from
above, the estimates being based on very simple considerations.

For instance, there is still no reliable theory to predict the threshold value of F required
for so-called plasma phase transition from a partially ionized gas to a liquid-like state. This
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type of transition, first discussed in13,14 , may be related to some results of LLNL shock-
wave experiments."5 Without going into details, we may assume that the strongly coupled
plasma indeed turns into a liquid state, - and then estimate the possible contribution of
corresponding stabilizing factors, like surface tension (Sect. 2) or enhanced viscosity (Sect.
3) to suppression of the RT instability.

Though within the range of r covered by laser-fusion experiments plasma freezing and
formation of solid crystal structure stabilizing the flow appear to be unlikely, one has still
to allow for this possibility. However, the Young's modulus of this crystal, if one is formed,
could be estimated from above, too, as well as possible contribution of the presence of a
frozen layer to the overall stabilization (Sect. 4).

The influence of SCP modification of the plasma equation-of-state and thermal con-
ductivity on suppression of the RT instability is briefly discussed in Sect. 5.

In Section 6, the still unexplained results of Ref. 8, possible contribution of SCP effects
to observed unusual stability and some alternative explanations are discussed. Section 7
summarizes the results.

2. Surface tension
Let us assume that a relatively cold ablatively accelerated plasma is turned into a

liquid state as a result of a plasma phase transition13'14 . This implies that a surface of
the liquid, and hence, surface tension appears. Surface tension is known to be an effective
mechanism for suppressing the RT instability. The cut-off perturbation wavelength for
this mechanism equals S/p\• 1/2•

S= 2r ( -) , (2)

where S is the surface tension, and p is the density of the fluid16 . Short-wavelength pertur-
bations with A < Ami,, do not grow; on the other hand, perturbations whose wavelengths
are sufficiently long compared to Ami,,, are not affected.

The exact value of surface tension S is not easily calculated even for the most simple
and thoroughly studied liquids like liquid argon or liquid sodium: discrepancy between the
theoretical results and measured values is typically within 30 to 50% 1". However, S could
be estimated from above in a relatively simple way. Indeed, the additional energy needed
to pull a particle - molecule or atom - from the volume to the surface (that is, surface
energy per particle) is needed to break some of the bonds, since a particle on the surface
has less neighbors than one in the volume. Nevertheless, it still has some neighbors, it is
still bound to the fluid. This amount of energy is clearly several times less than the energy
e needed to extract a particle from the fluid (evaporation energy per particle). Then the
estimate for S is

S < SM = en2/3 (3)

where the factor n 2 3 is number density of particles per unit area of the liquid surface.
Let us verify that Eq. (3) is indeed a reliable estimate from above. For liquid argon at

T= 84 K (c = 0.067 eV = 7,85 K/kB, n = 2.1-1022 cm- 3 ) we have: S = 13 dyn/cm, Sm = 82 0
dyn/cm. For liquid nitrogen at T= 63 K (E = 0.058 eV = 676 K/kB, n = 1.9.1022 cm-3 ):
S = 12 dyn/cm, S, = 66 dyn/cm. For liquid sodium at T = 371 K (e = 1.03 eV = 12000
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K/kB, n = 2.4. 1022 cm-S): S = 191 dyn/cm, S. = 1373 dyn/cm (all the data from'").
Hence, S. overestimates S by factor 5 to 7, as it should.

For a strongly coupled plasma, the characteristic energy per particle is

tscp = (Ze)2 = T. (4)ai

In particular, the evaporation energy, if nonzero, should be of the same order of magnitude.
Hence, the required estimate from above for surface tension of a strongly coupled plasma
is obtained by substituting (4) into (3):

S. = (4r/3)'S(Ze)2 n. (5)

We can check up whether this is indeed an estimate from above for surface tension
of a SCP by comparing (5) with the numerical results obtained within the framework of
the density functional theory for surface energy of a classical one-component plasma.'
This approach yields quite good estimates for surface tensions of simple liquid metals.
Formulation of the one component plasma problem (ions in the field of rigid compensating
charge background, the latter having a step-function density profile) allows one to calculate
surface energy for any values of r, even for low ones, which would not normally correspond
to a liquid state of a SCP.

Surface energy E. is normalized in "s to produce a dimensionless characteristic equal
to

U. = (6)

Substituting into Eq. (6) E. = S., where S. is given by (5), we obtain: U = 1.6. r.
With r varying in the range from 3 to 30, this estimate for U varies between 5 and 50.
However, the results of"" (as well as those obtained by other authors and cited therein)
yield the values for U in this range of r well below unity, mostly about 0.5. This confirms
that (5) is indeed an estimate from above for S.

We can now substitute (5) into (2) to obtain the estimate from above for A,,,.:

24/3 ir' 6  Ze 3Z
Amiu < 31/6 (mig)'/ 2 [A- (g/1014 cm/sec2 )]1/2 pm, (7)

A being the atomic mass of the accelerated plasma.
Equation (7) demonstrates that possible stabilizing effect of surface tension is limited

to very short waves. Let us estimate its right-hand side for the experimental conditions
of." This experiment had been performed with polystyrene foils (average atomic mass A is
about 6) at temperatures below 3 eV (hence, Z is not likely to exceed unity) and typical
acceleration g = 8.5.1014 cm/sec2 . Equation (7) demonstrates, that surface tension
stabilization could be effective there for wavelengths smaller than (or, at least, of order
of) 0.4 ym. Stabilization of perturbations with A = 50 Pm by this mechanism therefore
appears impossible.

For the sake of completeness, however, the only result that does not fit into the
described scheme should also be cited. I refer to surface tension at pusher-fuel interface,
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calculated in1 9 by means of particle simulation. This calculation has been done for pusher
plasma with r = 3, T = 200 eV, Z = 5 (that is, n = 1.1 _ 1024 cm-3 ) and fuel plasma
with Z = 1 at temperature and pressure equilibrium with it (which corresponds to n =
3.3. 1024 cm-3). The plasma with moderate value of r, of course, is not supposed to turn
into liquid state. Here, the surface tension emerges as an interface effect, just like conmact
potential. [To provide quasi-neutrality, electron density should be higher at the pusner
side of the interface by factor 2Z/(Z + 1) = 1.8, and to maintain this in thermodynamic
equilibrium, potential on the fuel side should be accordingly lower]. The calculated contact
potential is indeed very close to plasma temperature T expressed in eV.

Estimating the surface tension, one would naturally expect something of order of
S = T. n2/ 3 . For the above conditions, this amounts to 7. 10' dyn/cm, and the value of
the quantityS/p, relevant for stabilization, about 6.6. 105 cm 3 /sec 2 . However, the result
of' reads:

Slp3 = 3. 10s cm3 /sec2, (8)

Dimensionality of the right-hand side of Eq. (8) indicates an error in the left-hand
side: the power of p should be -1, not -3 [this is also suggested by Eq. (2)]. If we attempt
to correct Eq. (8) accordingly, then we are left with enormous value of surface tension, 500
times greater than the above estimate (it corresponds to the energy required for pulling
one additional ion to the surface from the fuel side of about 100 keVi). If correct, this
would mean suppression of the RT instability at the pusher-fuel interface for perturbation
wavelengths below 30 lsm with g = 1015 cm/sec2 , - in other words, almost complete
stabilization of this interface. Importance of this discovery for laser fusion studies would
need no explanation.

In my opinion, however, the value of S/p cited in Ref. 19, is simply erroneous. This
is indirectly confirmed by the fact that none of the authors of9 did mention it in any
of the subsequent publications. In particular, no stabilizing effect of surface tension has
been discussed in their papers about RT instability on the pusher-fuel contact surface of
stagnating targets20 '21 , where a surface tension term of order of (8) would have drastically
changed most of the results.

3. Viscosity
Here we consider possible stabilizing influence of viscosity. It is well known that plasma

viscosity given by the classical, Braginskii's formulae22 , which is proportional to T5sl,
is very small at comparatively low temperatures characteristic of ablatively accelerated
targets, and therefore definitely insufficient for stabilization. However, plasma transition
into a liquid-like state should also be considered (see above), and viscosity of a liquid is
larger than that of a gas. It should be estimated whether the liquid viscosity could be
large enough to suppress the RT instability effectively.

Dimensionality of kinematic viscosity is [length squared/time] - that is, it equals the
square of characteristic length 10 divided per characteristic time ro:

V= 12/ ro, (9)

To make a reasonable estimate with (9), one should define 10 and r0 in an appropriate way
for a liquid.
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For this purpose, the results of conventional theory of simple liquids are used. Recall
that the main structural properties of simple liquids are determined by "harsh repulsion
that appears at short range and has its physical origin in the overlap of the outer elec-
tron shells","7 whereas the long-range attractive forces, which vary much more smoothly
with the distance between the particles, form essentially uniform background and provide
stability of the fluid. The strength of repulsion is represented, for instance, by the high
negative power of r in the known 12-6 potential of Lennard-Jones

96
U'(r) = 4e([) (10)

where e is the depth of potential well, and 6 is the collision diameter, which corresponds
to separation between the particles for which potential U(r) has a minimum. The natural
unit of time To associated with the potential (10) is"'

To= M 2 ()1)

where m is the mass of an atom (ion) or a molecule, and the large numerical factor 48
emerges as product of 4 and 12, when U(r) given by (10) is differentiated. This factor de-
creases ro and hence increases viscosity given by (9). The gas-kinetic estimates of kinematic
viscosity, performed without this factor, yield reasonable values for gaseous plasmas,22 but
would underestimate viscosity of a liquid by about an order of magnitude. The charac-
teristic energy f is estimated below by temperature T, which appears to provide a correct
order of magnitude for most cases.

To assess the value of the parameter 6 in a conservative way, minimizing the risk of
underestimating it, let us assume

6 = 2ai, (12)

* where ai = (3/4irn)'1/3 , as above, n being the number density of atoms or molecules in the
simple fluid. Substituting (11), (12) into (9), we obtain a very simple formula

2 7/33 1 1/2 1 [T (K)I'/ 2

V /3 33 , n-113 
- 9" 10- cm 2/sec, (13)71/3 (MP 1/3 A116

where p is the density of the liquid, A is the atomic mass.
Indeed, Eq. (13) provides quite reasonable estimates for kinematic viscosity of simple

fluids. For liquid argon at T = 84 K (p =1.36 g/cm3 , A -: 39), estimate (13) yields 4- 10-3

cm2 /sec, whereas the measured value is 2- 10- 3 cm 2 /sec. For liquid nitrogenat T = 63
K K (p =0.87 g/cm3, A = 28) we have 4.3 and 4.4. 10-3 cm 2 /sec, respectively. For liquid
sodium at T = 371 K (p =0.92 g/cm3 , A = 23) - 10 and 7.6- 10-3 cm 2/sec. For water at
T = 293 K (p =1 g/cm3 , A = 18) - 9.5 and 10.10-3 cm 2 /sec. For mercury at T = 293 K
(p =13.6 g/cm3 , A - 201) - 3 and 1.2- 10-3 cm 2/sec. For alcohol at T = 293 K (p =0.81
g/cm3 , A = 46) - 1 and 2.2. 10-2 cm 2 /sec.

* It should be stressed that applicability of the estimate (13) is limited to simple liquids
only. One can see that dependence of the right-hand side of (13) on both p and A is rather
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weak, implying that all simple liquids at the same temperature should have comparable
kinematic viscosities. This assumption is obviously not true when applied, say, to glycerine,
whose kinematic viscosity at room temperature exceeds that of water by almost 3 orders
of magnitude. For large, especially organic, molecules, both our estimates of 1o and -o
fail: these molecules represent long chains or other structures, whose spatial dimensions
are much larger than one can estimate from their known number density. In addition,
their interaction is not described by some simple pair potential like (10), because these
structures are capable by interacting by many different links simultaneously. Hence, the
effective values of 1o could be much larger and those of 70 - much smaller than estimated
above, which would result in much larger viscosity.

However, at present there is no indication (and no apparent reason to believe) that
strongly coupled plasmas at moderate values of r form large multi-ion structures like
organic molecules, and this possibility will not be discussed below. This type of collective 0
behavior will be partly addressed in the next Section, where we deal with frozen plasma
substance, viscosity being replaced by rigidity, a much stronger effect. For the moment,
we continue to work with the estimate (13).

It is interesting to compare (13) with the available theoretical results of calculation
of shear viscosity for strongly coupled plasmas, cited in." A dimensionless parameter
(reduced viscosity 17") used in23 is defined as

77 = " (14)

where w. = [4irn(Ze) 2 /m]1/ 2 , v and a, meaning the same as above - kinematic viscosity
and mean ion radius, espectively. Substituting expression (13) into (14), we obtain the
following estimate for i7": 7"=8/r,/2 (15)

Comparing (15) with the results cited in2 3 , we see that (13) indeed represents an 0
estimate from above. Though various theoretical estimates for r7* spread over a broad
range, and differ by factor exceeding 4 for some values of r, they all are considerably lower
than that given by (15). For r equal to 4, 10 and 20, ratio of the right-hand side of (15) to
the largest of these estimates (0.23, 0.102, and 0.097) equals 17, 25, and 12, respectively.

Now we can use (13) to estimate the range of wavelengths effectively stabilized by the
viscous mechanism under typical conditions of ablative acceleration. It is well known that
viscosity, unlike surface tension, does not suppress RT instability completely: rather, it
substantially decreases the growth rates for sufficiently short wavelengths, whose wavenum-
bers are of order of (or greater than) k = k, = (gv 1)1/3 .1` The corresponding characteristic
wavelength Am is found from (13):

Am = 2 23/935/9 r/9(T/mg)1 / 3n-2/9

T(eV) ]1/3 ( n -2/9
0.5 [,A(g/lO,4cm/sec2) 5- 10 22 cm-3  PM. (16)

These are evidently too short wavelengths for effective stabilization of ablatively accel-
erated targets. In particular, substituting into (16) the characteristic values estimated fors
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(T = 2.4 eV, A = 6, g = 8.5 - 1014cm/sec2 , n about 5- 1022cm-3 ), we see that the viscous
stabilizing mechanism could be effective for wavelengths well below I jim. Recall that (13)
(as compared to rigorous SCP calculations) overestimates kinematic viscosity by an order
of magnitude. To provide appreciable stabilization of perturbations with A = 50 pm, the
kinematic viscosity should be larger at least by 3 orders of magnitude than estimated by
(13) - this is about the same difference as between viscosities of water and glycerine. One
can conclude that if the strongly coupled plasma were a simple fluid, the results of1 are
impossible to explain by viscous stabilization.

To make the discussion complete, let us study now another possible method of using
viscosity for stabilization. We can consider an interface between relatively cold acceler-
ated plasma, where most of the mass is concentrated, and hot low-density plasma, whose
kinematic viscosity could be high. In other words, an interface can separate regions where
inertia and viscosity, respectively, dominate. One can try to find out whether this way of
distributing viscosity and inertia could stabilize the interface.

In the first paper where the influence of viscosity on the eigenmodes of an interface
between to incompressible fluid has been studied,24 it was correctly stated that decay of
wave motion at the interface between two fluids due to viscosity was much more pronounced
than in the case of a single fluid surface. The explanation is: "When there is a wave motion
at the interface between two non-viscous fluids, the tangential velocities at the interface
are different; in viscous motion, they must be the same. ... We have the result that, in
general, wave motion at the interface between two fluids dies away much more rapidly
than in the case of a single fluid." Since then, no particular attention has been paid to the
influence of viscosity distribution between the two sides of the interface. The calculations
aimed at interpretation of experimental results were done mainly for the typical case of the
total viscosity acting in the heavy fluid, as in the case of glycerine-air interface (e.g., see2").

In the classical monograph"' influence of viscosity on development of the RT instability
is studied assuming equal kinematic viscosities at both sides of the interface, v, = V2 -
"one would not expect that any of the essential features of the problem would be obscured
by this simplifying assumption""6 . Though the latter statement is basically correct, it is
instructive to show how the distribution of kinematic viscosities over the two fluids affects
the overall stabilization.

To do this, we start with the exact dispersion relation, derived in 24 and reproduced
in is. It would be convenient to use dimensionless variables. Let us express the growth
rate a as a 2 = gkp 2 , where 1 is a dimensionless eigenvalue (real values of p correspond
to unstable modes). Let the characteristic kinematic viscosity v be distributed as follows:
1/ = (1 - s)v, v2 = sv (the latter corresponds to heavy fluid), 0 < s < 1. Dimensionless
wavenumber expressed in units of (g/v 2)1/3 is denoted by ic. Then the dispersion equation
can be presented as

1
-(p 2 -A)[ql +q 2 -2 + A(q, -q 2 )]+ (1 - A2)- (1-A -2s)[q - q2 + A(q + q2 -2)

-K (1 - A - 2s) 2(q, - 1)(q2 -1) = 0, (17)

where

q, =[1+ K3 /2 ( - s) 1 , q2 = 93/2s

9
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A = (p2 - Pl )/(P2 + PO) being the Atwood number.

Instead of solving Eq. (17), it is convenient to obtain the dispersion curves in a
parametric form, which could be easily done without solving anything, in the same way as
done in"6 for vi, - v2 . For this, we denote y = p/•/, and rewrite (17) as a system:

3 M(y)

N1 (y) + N2(Y) + N3(y)' (

2=y. . (19)

where
M(y) =Aq + q2 + A(q1 -q 2 ],

N1 (y) = y2 - [ql + q2 + A(qi -q 2 - 2A)],

N2 (y) = 2y(2s + A- 1)[q, -q 2 + A(q, +q 2 - 2)],

N3 (y) = -2(2s + A - 1)2 (q, - 1)(q2 - 1);

q, + Y)12,q2= + lý) 1/2,

parameter y varies from 0 to oo and the growth rate a in (19) is expressed in appropriate
units of (v/g2)1/ 3 .

Though it is quite easy to study the general case, the two following limiting cases are
particularly instructive. Let us first suppose s --+ 0 (all the viscosity is assigned to a light
fluid). Then Eq. (18) is reduced to

3 = (20)y 2 + 2(1 - A)(y + 1i- •

For long perturbation wavelengths (y > 1) the second term in the denominator of
the right-hand side of Eq. (20) is small compared to the first one, hence X 3 -_ A/y 2, and
substituting it into (19), we find:

o"• (AXc) 112  (21),

that is, the classical RT growth rate is reproduced asymptotically. In the opposite limiting
case of short wavelengths (y < 1) the second term dominates, and we obtain:

1 A A (22)

which means that the growth rate decreases as x- 1 for large wavenumbers.
However, the asymptotic expression (22) is obviously invalid for A = 1. Returning

to (20) we find that in this case the second term vanishes identically, so that the right-
hand side of (21) (where A = 1) represents the growth rate (exactly, not approximately).
Consequently, in this particular case there is no viscous stabilization, though viscosity is
nonzero!
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Consider now the case of masless fluid 2 (A=I) without assuming s = 0. We obtain
instead of (20):

3 A (23)
y 2 + 4s(y + s - jV/f-T")

Here again, for long wavelengths expression (21) (with A = 1) is reproduced, whereas for
short wavelengths

a= 2s(2s) 1 -- ) (24)

In general, this is similar to (22). However, (24) is invalid for s = 0. Returning to
(23), we conclude that this case corresponds to absence of stabilization, the classical RT
growth rate being the exact eigenvalue - in agreement with the above.

Therefore viscosity of infinitely light fluid does not contribute to stabilization: with
A = 1, only viscosity of heavy fluid matters. 'Similarly, if only viscosity of the light fluid is
appreciable, its stabilizing effect vanishes in the limit A --. 1. To make the latter statement
more precise, one can use Eqs. (19)-(20) to calculate the wavelength A\.. corresponding
to maximum growth rate. Assuming 1 - A < 1, we find that

AU A[,2,(l - A)]2 /3 . (25)

For instance, with A = 0.9 we find that the wavelengths effectively stabilized by viscosity
are about 4 times shorter than predicted by the simple estimate, which is based on dimen-
sionality inamely: wavelengths shorter than or of order of A,, - 2ir(v 2/g)'/ 3 ]_and correct

almost always - except the limiting case discussed above. This is illustrated by Fig. 1,
where growth rates a are plotted for s = 0 (all the viscosity attributed to the light fluid)
as functions of dimensionless wavenumber x. The curves are marked by respective Atwood
numbers. With A close to unity, stabilization is accordingly less effective.

The above discussion indicates that viscous stabilization of ablatively accelerated tar-
gets in some sandwich configuration, with large viscosity of a relatively light layer, would
be much more difficult than one might have expected expect without this analysis, the
effective viscosity being diminished by factor of order of (1 - A)'/ 3 .

4. Rigidity
In Section 1 a transition of a strongly coupled plasma into solid state has been men-

tioned. Here we are going to consider stabilizing effect which might be caused by rigidity
of some frozen layer of the accelerated plasma.

It should be stressed that freezing of a SCP with r below 20 seems extremely unlikely.
To show this, let us make the most simple estimate of the freezing temperature, based on
the known Lindemann melting criterion. 26 The latter states that a crystalline solid melts
when average displacement of atoms (ions) due to thermal motion (r) exceeds a certain
fraction CL of the interatomic distance (for most metals, CL is about 0.2). Let us estimate
melting temperature of a crystalline SCP, using the Einstein's oscillatory model to assess
the displacements:

k (r T, (26)

11
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where k is the effective elastic coefficient, whose dimensionality is [energy/length squared].
For SCP, the latter should be therefore of order of

(Ze)2
k = • . (27)

€i

Substituting (27) into (26), we can express Lindemann criterion as an : quality for
r (for lower values of r a solid phase cannot exist):

r > 3/4 (28)

With CL = 0.2 we find: F > 75. This appears to be a very low estimate. Both theoretical
and experimental results available indicate that freezing occurs for r well over 100. (For
instance, Wigner crystallization in 2-D systems of electrons is observed at r = 135, see.12

For a strongly coupled one-component plasma, first-order freezing transition is predicted
at r = 178- 180 7,27 ). Though exact evaluation of freezing temperature very complicated
(liquid and solid energy curves are almost parallel near the transition point, a metastable
glass phase can emerge, etc.), freezing at r about 20 appears to be unlikely. However, even 9
this slight chance should be accounted for in an appropriate way.

To do this, let us consider perturbations of an isothermal layer of ideal gas. The gas
occupies space between z = 0 and z = d in a constant gravitational field g directed toward
negative z and is supported from below by the pressure of a massless fluid, exhibiting
thereby a RT instability. The sound speed co is constant due to uniformity of temperature. 4
We introduce a length scale H = 2c'/g and note that unperturbed profiles of both pressure
and density are exponential (Boltzmann's equilibrium), with characteristic height HB =

H/2-1, -y being the adiabatic exponent of the gas. (The limit of incompressible fluid
corresponds to co, H, -f -+ oo.) A dimensionless eigenvalue p is introduced in the same way
as above: a2 = gkp/2 , 0' being the growth rate. 9

Performing a standard perturbation analysis [the exponential factor exp(ikx + at) is
omitted below], we find vertical displacement ý:

S= C, exp(k/,, z) + C2 exp(kIC2 z), (29)

where wher ICI = ( 1 V, k 2H 2 + 2 p2 kH + 1)

(in the limit of incompressible fluid x1 = 1, X2 = -1), the constants C, and C2 being 0
determined by the boundary conditions. Pressure perturbation in a fluid particle is given
by

bp = - P()Cy2 (d~/dz) + kf 30
6p = _p(, 2 + kH/2 ' (30)

where p(O) is unperturbed density. We are interested in instability modes, with real p, so S
that the denominator in the expression for bp is nonzero.
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We suppose the lower boundary (z = 0) to be free, that is, 6p(O) = 0. This boundary
condition allows one to present (29) in the form

-= (GA2K2 + 1) exp(kxlz) - (px2, + 1) exp(kic 2 z), (31)

which contains no arbitrary constants (an arbitrary factor is inessential) except the eigen-
value p to be determined from the boundary condition at the upper boundary.

The most simple case is free upper boundary:

6p(d) = 0. (32)

Substituting (30), (31) into (32), we obtain:

(, 2K 1 + 1)(,2 X2 + 1) =0, (33)

which is easily shown to be equivalent to pu = 1, or

a' = •gk (33a)

� -- -•-/k (33b)

and
' = -iv;-k (33c)

(the sonic solution /2 = -kH/2, which is the same as cr = ±icok is discarded here, because
it makes denominator of the right-hand side of Eq. (30) vanish). Here the exponentially
growing solution (33a) represents the global RT mode. Both it and the exponentially
decaying mode (33b) correspond to perturbations, exponentially decreasing with increased
distance from the lower surface. There are also two oscillatory solutions (33c), which
represent surface (Rayleigh) waves localized near the upper boundary of the fluid, the
corresponding eigenfunctions exponentially decreasing with increased distance from it.

The case of upper boundary represented by a rigid ceiling corresponds to the boundary
condition

ý(d) = 0. (34)

* Substituting (31) into (34), we obtain the dispersion relation in the form

In 2r + 1 _ 2d Vk2H2 + 2p12 kH + 1. (35)lnA2-2 + 1 =H

Equation (35) is easily solved in the limit of incompressible fluid (IC•.2 = ±1, the
* right-hand side of (35) equal to 2kd): p2 = tanh(kd). Thus for the exponentially growing

solution the growth rate is given by

a = [gk tanh(kd)]' 2 . (36)

* For short waves (kd > 1. tanh(kd) • 1) expression (33a) is reproduced, as it should
be: the corresponding eigenfunctions decay at short distance (of order of I/k) from the

13



unstable boundary and do not "feel" the presence of the ceiling. For long waves (kd <
1, tanh(kd) = kd) there is some stabilizing effect:

0 = kv'g"d, (37)

the growth rate is proportional to k, not to k1/2 , that is, the smaller k, the more pronounced
is the stabilizing effect. Essentially the same result is found for finite -Y, without the
simplifying assumption of incompressibility: a is proportional to k for small k, whereas for 9
large k it is given by (33a).

Let us suppose now that the fluid is bounded from above by a layer of solid material
The latter cannot be regarded as absolutely rigid (no material is rigid in a gravitational
field of order of 1014 cm/sec2 ). Rather, it should be considered elastic, and the fluid
equations should be solved simultaneously with the equation of motion of the layer (elastic 9
plate) on the top. The latter can be written in the form2"

_a2 p,,,-•.• + D '• =6p,(38)

where p,. is the density of the plate, h is its thickness, A is the Laplace operator, bp [see 9
(30)] is taken for z = d,

Eh3  (
D Eh= (39)

12(1 -cP)

is the so-called flexural rigidity or cylindrical rigidity of the plate, E being the Young's
modulus, and ap - the Poisson's ratio of the plate material.

After some algebra, we obtain the dispersion relation in the form similar to (35):

en (2 XK1 + 1)B 2  2d /k2H2+2p2kH+1. (40)11X + I)BI

Here

B 1,2 = '(p 2'C1,2 + 1) + [p 2 + (kl)3 (pA2 + kH/2),

and

1= h (12(1 - op)p,..gh)

We see that in the limit of infinitely high rigidity of the plate 1 -+ oo B2 1/B, -+ 1,

and Eq. (40) is reduced to (35), as it should be.
To study the effect of finite rigidity, we again suppose the fluid to be incompressible.

This allows us to present (40) as a quadratic equation:

p4 [ce + tanh(kd)] + p2aC[J - tanh(kd)] - (a# + 1) tanh(kd) = 0, (41)

where
a = (p, /p( 0))kh, /9 = (kl) 3 ,

and the value of unperturbed density p(O) is taken at z = d.
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Note that the terms containing a and P represent different kinds of influence of the top
plate on the dispersion relation. The term a accounts for additional inertia due to loading
the top of the fluid with some material which is not a fluid. The term f is proportional to
D and represents rigidity. We see that due to high power of k [which stems from the A2

term in the equation of motion (38)] P is negligible in the long-wavelength limit, no matter
how large the cylindrical rigidity is, and therefore, rigidity does not effectively contribute
to stabilization. Solving (41) in the limit k --. 0, we find the growth rate

a = gk, (42)

where the effective Atwood number
A 1

Aq f (43)A0 = 1 + (pm h/p(°) d)"

Therefore, the stabiling effect of rigidity is reducing the growth rate by a numerical
factor of order unity (namely, by square root of the effective Atwood number (43)). To
make this effect large (and Aeff accordingly small), most of the target mass should be
frozen, which is hardly possible.

On the other hand, in the short-wavelength limit (large 0) the classical RT growth
rate (33a) is asymptotically approached, and though stabilization by elastic plate on top
in this limit is almost as effective as stabilization by rigid ceiling, the latter is not effective
at all, see above.

To plot the dispersion curves, we must estimate 1. The Young's modulus (whose
dimensionality is energy/volume) would be correctly estimated by density of bin ding energy
(e.g., for most metals binding energy per ion is about 10 eV, and number density of ions
- about 5 _ 1022 cm-3 , the product of the two numbers, 0.8 Mbar, being indeed close to
their Young's moduli), that is, by n times the right-hand side of Eq. (4)

E = n (l) = rnT. (44)
ai

Recall that the Poisson's ratio a, for most materials is below 0.3, so that the denomi-
nator of (39) is at least about 8. The energy density given by (44) is not likely to be more
than one order of magnitude higher than the pressure pmgh at the interface between the
plate and the fluid. Therefore, h would be a reasonable estimate for 1, rather an estimate
from above. Substituting h instead of I into the definition of f, we can solve Eq. (41) and
plot the dispersion curves.

The curves are presented in Fig. 2. Here the growth rate a expressed in units of x/g-d,
is plotted versus re = kd. Curve 1 corresponds to (33a) (no stabilization), curve 4 - to (36)
(rigid ceiling). The curves 2 and 3 are plotted for h = d, and the ratio p, h/p(°) d equal to
1 and 2, respectively. Though these parameters appear to be quite generous (more than
a half of the target mass is supposed to be frozen), stabilization - that is, the difference
between curve 1 and curves 2, 3, - is not particularly impressive. This is, of course, due
to the fact mentioned above: for low k, the dispersion curves 2 and 3 behave like curve 1,
and not like curve 4, whereas for large k all of them behave similarly.
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Consequently, even if partial freezing of the ablatively accelerated plasma is supposed
(which is itself very questionable), there is no reason to believe it would be effective for
suppressing the RT instability of the target. 0

5. Compressibility and thermal conductivity
Modification of the equation-of-state and of plasma thermal conductivity (the reason

why the two are combined is explained below) is not likely to produce any appreciable
stabilizing effect. Basically, there are two reasons for this. First, both effects are relatively
small. Second, they appear to have a wrong sign.

It is known (mainly from astrophysical works like3°) that in a linear stability problem
formulated for planar geometry parallel heat conductivity could be accounted for in the
perturbati i equations derived for ideal fluid, with renormalized adiabatic exponent 3y:

Pe + 1/-y
'Y --* le f =7 Pe+1 (45)

where the parameter Pe (Peclet number) is defined as

Pe = r/k2'XT, (46)

XT being the temperature conductivity. The parameter Pe depends on plasma density
and temperature, and is therefore a function of a and z. Note that when -If f (z; a) is
substituted into the perturbation equations, the corresponding boundary-value problem is
no longer self-adjoint. Now -1 enters the equations together with 72, so that the eigenvalue
-y must be complex (together with Pe and -yelf). However, in the limit -of very high
parallel thermal conductivity Pe --+ 0 we have: 'yeff -. 1. This is a real value, so that one
may conclude that the influence of parallel heat conductivity, whenever it is large, is in
effectively increasing compressibility of the fluid by decreasing 7-.

It has been snown in3 1 , that the instability growth rate a increases with decreasing
-y. A rigorous foundation of this result is found in 32 , where the inequality &al/,9-y _< 0 is
derived from the energy principle under quite general assumptions. A simple qualitative
explanation is given in31 , where the RT instability is compared to the instability of an
inverted pendulum. If the pendulum is rigid, then all its parts move at the same an-
gular velocity. However, if it consists of parts capable of falling separately, like a brick
smokestack, then it is faster destroyed by a small perturbation. Note that this analogy is
adequate only when the global RT mode cannot develop - otherwise, it is the rigid pen-
dulum that falls faster. The increase in growth rate is limited anyway. For the problem
considered above (isothermal plasma in the upper half-space supported from below by the
pressure of a massless fluid) the increase of growth rate due to decrease of 'y from oo to 1
is about 25%, seen.

The starting point of the above discussion was the effective increase in compressibility
due to parallel thermal conductivity. All of this is equally applicable to modification of
the equation of state due to the SCP effects. The attraction between electrons and ions
tends to decrease pressure at the given temperature, and hence, increase compressibility,
which could slightly increase the instability growth rates. However, we have seen that
even opposite sign of the SCP effects, making the accelerated fluid incompressible, would
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not help much. Therefore no more details are needed to conclude that any possible SCP-
related modification of plasma compressibility and thermal conductivity would not provide
a stabilizing effect, simply because both compressibility and heat conductivity have little
effect on the growth rates of dominating eigenmodes.

6. Interpretation of the '87 experiment
In the experiment' no growth rate for the ablative RT instability was experimentally

observed at 50-prm perturbation wavelength, though 100- and 150-pro RT modes grew at
predicted rates. These results have been surprising for many people involved in laser fusion
research, and remain largely unexplained since '87.

In my opinion, experimental results ofs, accurate as they are, do not represent con-
clusive, unambiguous evidence for the lack of growth of the 50-pjm mode. The conclusion
is largely a matter of interpretation. Recall that the experimental and numerical works
addressed several important issues at once, studying the dependence of the growth rates
on the wavelength, laser irradiance profile [either smoothed or not by the induced spatial
incoherence (ISI) method], and position of the grooves on the front or rear side of the
target. However, the experimental data is limited both in amount and, which is even more
important, in observation time compared to the e-folding time of the RT instability. Due
to all of this, interpretation of the experimental data is far from being straightforward.

The two following points appear to be particularly important.
First, the observed lateral redistribution of mass over the target surface is not nec-

essarily a trademark of the RT instability. Under the experimental conditions of', the
redistribution should take place without any instability, being caused only by the shape of
the target.

Second, if the observation time does not exceed many (not just 2-3) e-folding times of
the dominating instability mode, then the inherent uncertainty of the estimate of a growth
rate is very large.

Let us elaborate starting with the first point. Consider acceleration of a target with
grooves on its front side (Fig. 3). Suppose we are able to eliminate instability of the
laser-irradiated surface by introducing an (imaginary) thin foil F, which transmits applied
pressure but suppresses instability. (The same could be done with a glass filled by water,
covered by a sheet of paper and then turned upside down). Note that light and heavy (that
is, thin and thick) parts of the target would still have different velocities and accelerations,
since they are driven by essentially the same ablative pressure p. The light parts are
accelerated faster, rising above the heavy ones in the effective gravitational field g. The
accelerated material (which at this stage could be regarded as something quite close to
an incompressible fluid) would flow in the lateral direction (v vectors), trying to arrange
the fluid level at an equipotential surface, as it should be in equilibrium in a gravitational

* field. This means loss of mass per unit area in the light parts of the target, and gain in
the heavy side. Thus development of an instability is simulated, though no real instability
is present.

Consider now acceleration of a target with grooves on its rear side (Fig. 4). Now the
upper fluid level in the heavy parts is higher than that in the light parts, initially by the

* depth of the grooves Ah. This creates a lateral flow from the heavy parts to the light ones.
However, the light parts move faster, rising the upper fluid level accordingly. Acceleration
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g is inversely proportional to initial thickness, hence

A(gt2 /2) Ag Ah (=t/ -_ = -7- (45)g t2 /2 g 7T'

where h is the average thickness of the target, g is average acceleration. The time required
for the light parts to catch up the upper level of the heavy ones is found from A(gt2/2) =
Ah, which implies gt2/2 = h [see (45)], or

t=v'2- . (46)

On the other hand, the lateral fluid flow trying to establish its equilibrium upper level
is carried by gravitational waves in a "shallow water", whose wavelength A is much greater
than the effective depth h, and velocity is34

v -- ' . (47)

[this is the same as Eq. (37) with inverted sign of g].
The width of the heavy part of the square-wave pattern is A/2. Mass flows out from

both sides of it, so that lateral mass redistribution is expected to complete during the time
interval (46), if

vt > A/4, (48)

or
A < 4V h. (49)

Substituting here h = 10 pm s, we find: A < 56 pm. Thus the observed lack of growth
of the 50-pm mode (with 100- and 150-pm modes growing all right) may be not much of 0
a surprise.

In the real experiments there was no foil F stabilizing the front surface. And here
we come to the second point mentioned above. Indeed, we observe (when we do) a per-
turbation growth. How can we know that this is a growth of a given particular mode?
This question is easily answered only for some numerical works, when an unperturbed 0
state is time-independent, so that if one perturbs the system and can wait long enough,
he can reasonably expect to single out the exponentially growing dominating mode. With
dynamic, time-dependent unperturbed states, everything is much more complicated. For
instance, the unstable modes may form a continuous spectrum, without any particular
mode dominatinga. A general method which allows one to find the fastest-growing mode
numerically3" requires enormous amount of calculations even for unperturbed states repre-
sented by exact analytic formulae. With a more or less arbitrary initial perturbation, the
dominating mode remains for a while camouflaged by all sorts of other, stable and unstable
modes, and it is often impossible to trace it in the numerical solution of an initial-value
problem. This is why specially prepared initial conditions ("quiet start", etc.) are used in
most numerical studies of the RT instability to control the development of the dominant
mode from the very start.
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The papers presents no details of the numerical calculations done with the FAST2D
code to inquire into this matter further. However, the initial state of the target (square-
wave pattern) is well known. With the grooves on the rear side (all the experiments with
50-pm mode have been done in this geometry), most of the initial perturbation is localized
near the stable upper surface, and therefore contributes mainly to the stable (oscillatory)
eigenmodes (33c), and only partly - to the unstable one (33a), see Fig. 5. The running
waves (33c) tend to spread perturbation over the whole rear surface. The phase velocity
corresponding to the surface waves (33c) is

V = V jl, (50)

where k = 2w-/A. Substituting (50) into (48), we obtain: there is enough time for effective
spreading of the perturbation over the whole surface, if

A 16 h,(51)7r

which is, of course, almost the same as (49) (for h = 10 pm we find: A < 50 ym, as it
should be). The only difference is that (49) corresponds to rigid bottom F, and (51) - to
the case when the bottom is replaced by a RT unstable free surface, but only the oscillating
(stable) eigenmodes are excited initially.

Some of the effects discussed here should have been found in numerical simulation ofs.
Though the discussion of numerical results in" is very brief and certainly not sufficient to
make conclusions here, this seems to be the case. For instance, the code does not make
difference whether the initial perturbations are on the front or the back for 100-prm mode,
whereas for the 50-pm mode the perturbation growth is delayed with the grooves on the
rear side. Consequently, Fig. 2 ofs, where observed growth for A = 100 pm, grooves on
the front side (upper) is compared to no growth for A = 50 pm, grooves on the rear side
(lower) hardly represents equal growth opportunities for the two wavelengths: the 50-pim
mode has been given no chance to develop in the optimal configuration of our Fig. 3.

The above considerations do not aim at providing a comprehensive interpretation of
the experimental results given in8 . All this has been presented only in order to demonstrate
that seemingly surprising lack of growth of the 50-pm mode in8 could be accounted for
within quite conventional concepts. To make everything absolutely clear, to answer all the
questions, a good deal of experimental, theoretical and numerical efforts is still required.

7. Conclusion

It has been demonstrak.ed that the strongly coupled plasma effects are insufficient for
suppressing ablative RT instability under the typical conditions, which range from the
'87 NRL experiment8 to the planned NIKE experiments. It has been shown also that
no unusual effects (including the SCP effects) may be really needed to account for the
seemingly surprising experimental results ofs, though both new experimental studies and
careful analysis are needed to achieve a full understanding.

The aforesaid does not mean that I doubt if further research on the SCP phenomena
* is really necessary in the context of laser fusion program. Actually, quite the opposite is

true. This study has convinced me that the SCP-related effects are the least known in the

19

0



field of plasma physics relevant to laser fusion. Consequently, the uncertainty due to poor
knowledge of the SCP effects is likely to determine the overall accuracy of many numerical
results. One can hardly expect to increase accuracy by refining the hydrodynamic, atomic 0
and optical components of the codes, as long as some of the basic plasma parameters might
be known only to a factor of order unity. If the NIKE program aims at quantitative study
and detailed understanding, the SCP research should definitely be a part of it.

However, varying any of the plasma parameters within one order of magnitude, being
enough to make noticeable changes of the flow profiles, opacity, hydrodynamic efficiency
of acceleration, etc., is not sufficient to suppress the RT instability. In my opinion, the
latter is possible only with the aid of the so-called hydrodynamic mechanisms which affect
the only parameter relevant for the RT - that is, the acceleration g. But discussion of this
issue is certainly beyond the scope of the present report.

0

0

0
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Appendix E

Megavolt, Multikiloamp Ka Band Gyrotron Oscillator
Experiment



Megavolt, multikiloamp K, band gyrotron oscillator experiment
W. M. BlacK,8) S. H. Gold, A. W. Fiflet D. A. KirkpatrckY) W. M. Manhusmer,
R. C. Leec V. L Granatstein,0 D. L Hardety. A. K. KinkeAm, and M. SucyQ
Boom PkYsiCs Emuch. Plaam, F*.ma sio N=Wi Rnawc Labo~tawy~ IWdaagm. DC 203 75-5(Mi

(Received 15 February 1989; accepted 7 September 1989)

A K. -band gyrotron oscillator experiment using a 1-1.35 MeV, muitikilampere beam from a
puke line accelerator has produced approximately 250 MW at 35 OHz in a circular TEw mode
with a peak eciency exceeding 10%. Time-dependent simulation studis have been used to
predict the behavior of a high-peak-power, short-pulse gyrotron in this parameter range. The
simulations demonstrate the occurrence of such phenomena as hard ezcitation of the gyrotron
as a result of the time dependence of the voltage pulse. The experimental results ame in
reasonable agreement with the predictions of theory.

L INIrRoDUCTION A key requirement for intense beam gyrotroas, unlike
Gyrotron oscillators have proved to be efficient sources most other high-power microwave devices driven by intense

of very high-power radiation in the microwave and milh- relativistic electron beams, is to produce an electron beam
meter-wave regimes. Conventional gyrotrons use ther- with a large amount of momentum transverse to the applied
mionic cathodes, with typical operating currents of S; 50 A axial magnetic field. The progress of this series of expei-
at voltages of 5 100 keV, and have demonstrated hundreds ments has been marked by an evolution in the means by
of kilowatts of average power at efficiencies approaching which this is accomplished. The earliest series of experi-
50%. However, some future applications of millimeter-wave ments produced the required beam a, where a is the ratio of
radiation, such as radars and high-energy linear electron transverse to parallel momentum, by emitting electrons
(and positron) accelerators, may require substantially high- across magnetic field lines at the cathode to produce some
er-peak power levels than have been produced using conven- initial nonzero value of a and then adiabatically compress-
tional thermionic microwave tube technologies. The pursuit ing the beam into the gyrotron cavity to increase a while

of higher microwave powers inevitably requires the applica- positioning the beam to couple to the desired waveguide
tion of higher beam powers, implying operation at higher mode. These experiments operated at approximately 350 kV
currents and/or voltages. Gyrotron scaling to high-current, and 800 A, and produced 20 MW of output power at 35 OHz
high-voltage operation is relatively favorable,' and a number with 8% efficiency in a "whispering-gallery" TEW mode.3
of high-voltage ( > 250 kV) gyrotron experiments have been When this approach was found to lack flexibility, a new
reported in recent years that take advantage of the substan- approach was implemented, in which the diode was designed
tially higher currents and voltages available for short pulses to emit primarily along the direction of the axial magnetic
(typically, 5 100 nsec) from pulse line accelerators driving field, i.e., to produce a low initial beam a, and the a was then
plasma-induced field emission cathodes. Among these are a sharply increased by transit through a localized nonadiaba-
set of experiments from the Lebedev Physics Institute of the tic dip in the axial field, produced by a "pump" magnet,
Soviet Union that demonstrated 23 MW at 40 GHz in a before being adiabatically compressed into the gyrotron cav-
linearly polarized (i.e., nonrotating) TE, 3 mode with 5% ity. This allowed the use of a very simple diode geometry,
efficiency, using a 350 keV electron beam. 2 Studies of gyro- and the pump magnet provided a separate experimental con-
trons driven by pulse line accelerators or Marx generators trol for beam a that greatly increased the experimental flexi-
have also been carried out at the University of Michigan 3  bility.

and at the University of Strathclyde in the United King- For this second series of experiments, the Febetron
dom. 4  pulser was operated at its full rated charge voltage and mis-

In 1984, a program was initiated at the Naval Research matched upward at the diode to produce voltages of up to
Laboratory to investigate very high-power gyrotron oscilla- 900 kV. Because of the high impedance of the pulser, it was
tors driven by intense relativistic electron beams. These ex- impossible to employ relatively low impedance diodes, such
periments were designed to operate in K. band, with the as diodes with beam-scraper anodes, without substantially
principal interest at 35 GHz. Prior to the present work, these reducing the operating voltages. The experiments were
experiments were carried out on a compact Febetron pulser therefore carried out in a foil-less geometry employing a
capable of producing a 600 kV, 6 kA, 55 nsec pulse into a 100 magnetic-field-immersed, cylindrical graphite cathode with
fl matched load. a sharpened edge, in which the cylindrical vacuum vessel

Also at Electrical and C•mputer Engineering Department. Gemore Ma- served as the anode. In this geometry, the diode produces a
son University. Fairfi. Virpaja 22021. beam current determined by the space-charge limited flow of

blScience Applicatiom Intermational Corporation. McLan. Virginia the annular beam within the cylindrical vacuum enclosure in
22102. the vicinity of the cathode. In general, this was more current
JAYCOR. Inc., Vienna. Virginia 2218S.

E.ectIcrk Engin Depaf9Jpl, University of MarOad Colege than could be effectively employed in the experiment. In
Park. Maryland 20742. addition, because of emission from the sharpened edge of the
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cathode, the beam posseses a relatively large spread in pitch microwave emission has occurred during a 40 mec interval
abgl. of approximately constant current and voltage, rather than

Single-partice simulations demonstrate that the pump being a transient elet at a time of rapidly varying current
maget has the efect of greatly magnifying any initial spread and voltage, as was the case with the Febetron pulser, thus
in dectron velocity pitch angle- Fortunately, syrotron osail- permitting a better comparison with the r -:ctionm of theo-
lators are not very sensitive to such spreads. However, a ry.
large electron beam pitch angle spread limits the average
beam a; as the strength of the pump magnet is increased, the I, EXPERIUMTAL SETUP
highest a portion of the resulting particle distribution func- The 1.5 MeV VEBA pulse line ac .Vtor with 20 Al
tion will be reflected during the subsequent adiabatic com- output impedance and 55 sec voltag. Ae was used to
pression phase. The use ofa"pump" magnet to incrse the ena multkilmpere annular ek an beam by explo-
average beam a to a level sufficient to drive the yrotron iveplasma formation from a rphit- ithodeimmersedin
interaction invariable resulted in the loss of a sizable fraction a uniform axial magnetic field provic. i by the main solenoi-
of the beam current. Optimum high-power operation gener- dal magnet. Figure I illustrates the experimental geometry.
ally occurred with pump strengths resulting in the lois of A hollow ringlike cathode is plaid from 1-2.2 cm from a
half or more of the total beam current between the diode and graphite anode plate with an annulus cut into it to match the
the gyrotron cavity. Current loss occurred as a result of elec- cathode ring. The annulus is interrupted in two places by
tron mirroring during the adiabai compression stage, due radial grahte struts, in order to support the central region
in part to the elfects of beam space charge on the electron of the anode plate. The m diameter of the annulus was
beam kinetic energy, and in part to the effects of pitch-anle 3.34 cm, and its radial extent was 1.5 ma Emission takes
spread in the beam. It was not clear precisely where the e- place from the rounded edge ofa hollow cathode, and a small
flexing electrons were collected, or whether they caused a fraction of the total current is extracted from the diode
space-charge buildup that affected the performance of the through an annular slot in the graphite anode. The anode
diode s functions in part as an emittance filter, since it scrapes off the

Te secnd series of experiments was carried out in both inner and outer edges ofthe annular electron beam produced
whispering-gallery TE. modes and linearly polarized TE,. by the cathode, and in part asa control grid, since changes in
modes.'7 Results included a peak power of 100 MW at 35 the cathode-anode gap are a reliable means to control the
GHz at 8% efficiency in a rotating TE62 mode and a peak beam current, which is space-cUrge limited. Typically, 25-
power of 35 MW at 35 GHz in a "linearly polarized" (i.0, 35 kA of cathode current is produced, with roughly 90%
nonrotating) TE13 mode through use of a slotted gyrotron being scraped offbefore leaving the diode.
cavity. The gyrotron signal frequency could be step tuned The initial transverse momentum is expected to be low,
over the range 28-49 GHz in a sequence of TE,,2 modes by because the emission is predominantly along the direction of
variation of the axial magnetic field. Results were in general the applied magnetic field. Downstream, the transverse mo-
agreement with the predictions of steady-state gyrotron the- mentum is induced by transit through a localized depression
ory, with theoretical values of power and efficiency typically in the axial field, which is produced by the "pump" magnet.
being larger than experimental values by about a factor of 2. The operation of the pump magnet is described in more de-
However, due to the nonideal voltage waveform provided by
the Febetron pulser, the typical microwave pulse length was
only 15 nsec.

In order to extend these experiments to higher power M
and longer pulse, as well as to gain some flexibility in the . .----..--.
diode design in order to produce a better quality electron
beam, these experiments were moved to the VEBA pulse line ------ M
accelerator,8 which can operate at voltages exceeding 1.5 K

MV and has a 20 fl output impedance and a 55 psec full - _ _o_ _ _ _--

width at hasfmaximum (FWHM) pulsed of which approxi-full
mately 40 nsec is relatively flat ( ± 3-5%). These new
experiments initially employed a very similar experimental
setup to that utilized previously in the Febetron experi- 4 4
ments, except that the Q = 250, TE62 cavity of the 100 MW •
experiments was replaced by a slightly shorter cavity with a 2
cold-cavity Q of 180. However, the best results have been o 0 L --. 4 Z z
achieved by replacing the foil-less diode geometry with a 0 10 20 30 40 so
beam scraper diode. In these experiments, the peak output A(M)
power has been increased to approximately 275 MW at 35 FIo. i. Scale dwing of the hih-votve syuia hwin the diode re-
GHz in a TM.2 mode, a factor of 3 increase over that reported Stm the imer wal cithe expernemt. and the g•rat avity, wad indct-
from the previous work. The peak efficiency was increased to mg thelatm afthe va mmaneoc Add cl A CWCulataW n giatI-

CieletuM tUrSaty thr•ug the Magnetic &Md Frnle-mpauF Iud on
-14%, a 50% increase over that reported previously. In the enpaim aj gepometr, wd tMe mapec fei perok mdudbm am a
addition, as a result of the improved voltage waveform, the fuimem ofn ax show. bdow .
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tail in Ref. 6. Finally. the beam is adiabatically compressed
to its final radius by the cavity solenoid. The overall magnet- DIOD8 VOLTAGE

ic field profile through the experiment, a calculated single- (-O i

particle electron traectory, and the calculated a as a fuac- 0100" CUaRmET

tion ofaial position z along dta trajectory are shown in Fig.(- IS .)

1. The electron trajectory, which is shown superimposed on oaTnoTmo cUmamur

the scale drawing of the experiment, is calculated for a single - 1000 A/EM)

electron emitted in the axial direction at the cathode tip in CROWAVSIGNAL
the realistic fields produced by the experimental coil config- (50 MV,)W

uration. For this calculation, the current through the pump as Ne.. a0,

magnet was selected to produce a final a of I at the gyrotron
cavity. A Rogowski coil poitioned between the pump mag- .2. lmmrd apUI w m a fic.of im
net and the gyrotron cavity measures the net current into the
gyrotron. The current Ioss from the diode to the cavity, as
measured by the Rogowski coil, is reduced to approximately a duration of up to 40 nsec, nearly matching the duration of
10%-15% under typical conditions of gyrotron operation, the fiat portion ofthe high-voltage pulse applied tothediode
unlike the Ioss of 50% or more of the beam that was observed However, the microwave pul is subject to large discharge-
with foil-less diode geometries. This is an indication that the variation in amplitude and - shape. A se of
beam quahty has been improved by the new diode measum ts were conducted as a function of bne energy,
This small fraction of reflected electrons is most likely to be magnetic feld, magnetic compression ratio, and pump field
collected on the downstream side of the anode scraper plate, amplitude, in order to find the optimum operating param-
thereby preventing a buildup of space charge anywhere in
the system. Figure 3 shows a scan of the output mode of the device

In order to achieve separate adjustment of theelectron as afunction of radius in both IE,12 and I£E # 1with a cavity
transverse momentum, the magnetic compression ratio, and magnetic field ofB0 = 32 kG, a current of 2.5 kA, and a peak
the final magnetic field in the gyrotron cavity, each of the diode voltage of 1.2 MV. The estimated experimental uncer-
three magnets (i.e., the pump magnet, the cavity smoenoid, tainties ar ±k 1.5 kG on the magnetic id, ± 0.1 kA on the
and the main magnet) is powered by a separate capacitor instantaneous current measured by the Rogowski coil, and
bank discharge. By a proper selection of pump magnet ± 0.1 MV on the diode voltage, including the effect of vol-
strength and compression ratio, the beam diameter can be age ripple during the voltage fia top. (The net current will
adjusted to couple to the desired TEw mode in the cavity be lower if current intercepton takes place betwee the Ro-
while the electron velocity pitch ratio a is increased to a gowaki coil and the gyrotron cavity. Fluorescent screen data
value near unity. The cavity itself is cylindrically symmetric taken subsequent to the microwave measurements suggest
with a diameter of 3.2 cm and has a calculated cold-cavity Q that up to 20% of the current may have been intercepted
of 180 for the TE62 mode. Beyond the cavity there is a 5" under these experimental condiios.) For an average beam
output taper transition to a 120 cm long drift tube with diam- a of 1, the peak beam kinetic energy should be corrected
eter of 14 cm. Finally, a I m long ou' -,it horn is terminated downward by approximately 50 keV because of space-
with a 32 cm diam output window. chap depression.

The microwave measurement system consists of two The normalized beam radius (i.e., the ratio of the bee
separate detection channels, each composed of calibrated guiding center ba m r a s to the avity wall radius r. ) for this
"in-band" diR-28 components, including filters, attenua scan was approximately 0.725. However, there was some
to wav and directional couplers, and beginning with a small spread in the electron guiding centers due to besm thickness
microwave aperture antenna poitioned within I cm ofthe (reflecting the 1.5 mm width of the anode annulus) and fi-
output window. One aperture is maintained at a fixed poas- nite decentering of the beam in the gyrotron cavity. This
tion on the output window, while the second is scanned. A radius is close to optimum for coupling to the circularly po-
bandpass filter limits the detected signal to a narrow fre- larized TE6 2 mode counter-rotating to the sense of electron
quency band (1.6 GHz FWHM) centered at 35 GHz. These gyration in the axial magnetic field. However, in the vicinity
diagnostics as well as the overall experimental setup are de- of 350Hz the beam will also couple to the TEICLI and TEW
scribed in greater detail in Ref. 6. The changes affecting the modes, and more weakly to the TM23 and TM04 modes. The
present work are in the diode region, the cavity Q, and the general shape of the measured profile in Fig. 3 fits reasonably
currents, voltages, and magnetic fields employed in the ex- well to the TE62 mode for both the radial and azimuthal
periment. polarizations of the rf electric field, and is similar to that of
Ill. EXPERIMENTAL RESULTS AND DISCUSSION Ref. 6. The peaks at small values of the radii may be due to

parasitic excitation of the TM04 mode. Mode purity at the
The waveforms for the diode voltage, diode current, output window may also be reduced by mode conversion in

ca, .y current, and 35 GHz microwave pulses for a "typical" the 5' output taper and horn. For instance, mode conversion
discharge are shown in Fig. 2. The improved voltage wave- to the TE6, mode might explain the higher than expected
form and beam quality, compared to that described in Ref. 6, peak in IE, 12 near the wall.
have generally permitted high-power microwave pulses with For the data of Fig. 3, the measured mode pattern can be
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BaMWe On asOMl.parice simulations of the efect ofthe pump
a magnet, followed by adiabatic cou~rpmuaon on the beam

_Mya cltroosw the beam a is assumed to scale linearly with V,
witha&maximum value of a -1 at 1.15 MV. The staring

* ~current and isopower curves are calculated assuming a half-
sinusoidal rf-feld profile almng the cavity axis with a length
of 3.5 cm and a hollow beam with a radius, normalized to the

FIG 3O havan of outhu elcrn emcurn drn terseoh

used to calculate the total gyrotron power by integrating bemln rse h hehl urn ielbldI, n

over the output window, and correcting for the mea---uted progressively tune to higher powers as the voltage and
loane in the detection system. This procedure has been de- current continue to rise. The line ends at 2. Aan I.1
Scribed in detail elsewhere.' The power estimate Which 15 MeY, and corresponds to predicted operationi outside of the
based on the average of several discharges pe poito ith starting current CUrvM i.e., in the "hard excitation" regime, 0
scan, is 160 MW. Following the radial scan, fute dat a with a peak power of approximately 400 MW. Aside frot
taken with the pickup at a fixed radial position at the maxi. the peak power predictions, which exceed the experimental
mum of the mode pattern shown in Fig. 3. By assuming that value by approximately a factor of 2, this simulation is in
the ratio of the power at this location in the mode to the total raoblagemnwinh the assurmednsalingserelation-.

intgraed owe acossthemod reain costat, e fnd Furthermore, small changes i h sue cln eain
a intgrae-dic gpekotu power acos the moerman Wontn, we ind 25 sip wl not change these basic results. It is interesting to0

aW seingle-dischredpa ontu powera ofsos T75 sMW, with25 note that conventional low-voltage ( < 100 kV), long pulse
MWa befiiengmeasure onasevea ocaios The soosicil meaure thermnionic gyrotrouts have been observed to drop below

chreefencieof bemcrntvasied onw the tooakoi me. asue- o theoretical powers and efficiencies by comparable fiacors at

menrrof bea m currhenave varied frosand in toe c4.asedaio on high currents. (See, for example, Kreischer et a 1")
tero barios mutpinctheiverfagingorocssndi the vealibncrtationt of In order to better understand the time-dependent nature
the vawrioaues mlipscativaed fator the ovrllnertant ofn3 B of the gyrotron operation, as illustrated in Fig. 2, we have0

Figure 4 shows starting current and output carried out a set of slow-time-scale single-mode tiine-deen-
cures or he yrornintracionwit th co nte-otating dent simulations of gyrotron operation for the approximate

curves mod te, calculaitedratom ait steaysae modnel' fo experimental conditions corresponding to the measure-
AO=32 kG. To sipiytemdl h3emcre etsmltoso h yornoeain 2emlyna
sundto scale as~ W`tsoni~g3 wihamxmmvau f25 a

1. 15 MV. (Based on a numerical solution to the equations
presented byMiller,'* the relativistically correct current (0 5

scaling for an infinite planar cathode-anode gap varies from low_50
W-5 at low voltage to V` at the peak voltage of 1. 15 MV.) 10, W Io..

Oft IV1 I.

1W IW

100 WIN10

le..

MIM IOTA OI
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simulated VEBA voltage waveformi that models the leading compete with the startup af the TL1w mode at approwuaatey
edge of the pulse, the duratkon. of the appeoximately BAt por- 34 kG. A thoroughi analysia of the duct of mode aempeti-
daon a the voltage waveform, and a "typical" shart-duration tiam and othe - amt pbsoemasane the operation of a
voltage *spke during the "flat top." These simulations em- high-voltage gyrotrom would r equireP the use of true multi-
ploy the same sinusoidal rf-fled profile used for the steady- mode stemulto~sm sucli a the fost-tinmesgcale particle-m-ceUl

*state simulations, sand assume the same dependence of cur- smunlations carried out by LA& et al. foir the parameters of
rent and beam a on voltage For the four runs shown, only Ref 6. 11
the magnetic field was varied. At the lowest magnetic fiWd In summary, a 35 GHz gyrotron oscillator driven by an
B0 = 31 kG (Fig. 5 (a) 1. the microwave signal occurs only intinse relatvistic electrou beam has maccemfufly operated
during the rise and fal of the voltage waveform, and there is at voltages exceeding I 14eV and currents of several ki-
no interaction at the voltage flat top. The next case (Fig. loam*$ to produce peak output power levels of up to a
5 5(b) 1, for B0 - 32 kG, corresponds to the steady-state sim- quarter of a OW in a Tl 1w mode and peak efficiencies ex-
ulations of Fig. 4. In this case the microwave signal grows ceeding 10% (up to 14%). By .omarioua an =hrler experi-
substantially during the leading edge of the voltage pulse and ment operating at approximately 8W keY sad 1.6 kA at the
persists up to the voltage flat top. Figure 5(b) demonstrates same frequency in the same mode achieved 100 MW at 8%
that the full voltage of the flat top, corresponding to the efficiency. Furthermore in contrast to the previous experi-
upper end point of the beam lin in Fig. 4, results in a highly mental work, the emission has takent place during a time of
detuned state of the gyrotron interaction, corresponding to approximately constant current and voltge faclitating the
"hard excitation." This is evident because the short-duration coprsnbetween theory and exprment. The improve
voltage spike modeled at approximately 45 nsec detunes the interaction efficiency compared to the earlier experiments is
interaction further, causing the output power to fall off dra- attributed to the use of an apertured diode, in place of the
matically, and the power does not begin to recover until the foil-less diode configuration used previously, which has al-
voltage falls below the flat-top voltage. This case agrees well lowed better control of the current injected into the gyrotron
with the steady-state simulation of Fig. 4, and the peak pow- and better beam quality. Time-depenent simulations have

*er predicted by this simulation exceeds the best experimental been carried out to investigate the behavior of high-peak.
value by approximately a factor of 2, as in Fig. 4. At A0 = 33 power, short-pukse gyrotron operation in this parameter
kG ( Fig. 5 (c) 1, the voltage flat top no longer corresponds to range. The simulations demonstrate the occurrnce of such
hard excitation, since the microwave signal falls off during phenomena as hard excitation of the gyrotron as a result of
the voltage spike, but then recovers during the remainder of the time dependence of the voltage waveform. Overall ex-
the flat top. Finally, at B0 - 34 kG ( Fig. 5 (d) 1. the siinula- periinental operation is in general agreement with the pre-

*tion shows that the microwave power follows the voltage dictions of theory, with the best experimental powers within
signal for the duration of its flat portion including the vol- a factor of 2 of the theoretical predictions.
tage spike, and the power actually increases during the vol-
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Appendix F

Measurement of Plasma-Neutralized Super-Vacuum
Currents in a Gyrotron Configuration



* ~Measuremefft of plasma-neutralzud super-vacuum currnts in a gyrotro
configuration

D. A. Okipatlick'a S. H. Gold, W. M. Marwihanwr, W. IL Black,
A. K. Kinkad D. L Hardhaty, K. W. Moman and M. Sucy'4
Bsum P a SAmuch. PAmm A1jowa D~alm NW a nmk Reuuhahewuw Wmhl DC 2WM3 7 5

* ~(Received 4 January 1990;, accepted for publication 19 May 1990)

Experimental resuls are reported on the transport of an electronl beam with current in exceas
of the vacuums spac-harge-limited value. in a configuration directly applicoble to gyrosro
oscillators The vacuum space-charge limit is circumvented by the introductin of &
neutrIIKIASIzi backgound pifilim which at produced by an array of four plasma guas placed
immediately downsream of the elec1t-rIn gill amode.

A high-power microwave device typically consist of sivey in the Sovie Union,' and has recently been the focusa
an intense relativistic electron beam driving a beam-wave o( smen investigati.., with regard to the DWO.' in order
interacton in an evacuated cavity or interaction volume for the background plasma to cancel the Meci- of the eec-

* This includes slow-wave devices such as backward-wave tron beam sgelf-electric fild the density of the actral
oscillators (BWOs)'-2 and relativistic klystrans, and fia plasma, most be greate than the densty of the beamn elec-
wave devices such as gyS'otrons3 '4 And freeelectron warns, so that suflicient background elections may be ex-
lasers."* A fundamental limit to the poww of such devices peedW from the. region of the transiting electron beam to
can be obtained by multiplying thei theoretical interaction provide for spece-charge netalatiohnu
efficiency by the maximum, beam power that can be prop. In this letter we report on the achievement of super-

*agated. For a particular voltage and geometry, the maxi- vacuum currets (beam currents in excess of the vacuum
mum beam power is set by the vacuum limhting current spalceecharge limit) in a configuration directly aplcbeto
This limit on the beam current arises from. the fact that the gyrotroo oscllators The experimental arrVanemat is
electron beam loses an amount of energy corresponding to shown in frig. 1. The VERA pulseline accelerato (V-0.6-
the capacitive voltage drop between the electron beam and 2.5 MV, 1-20-100 kA, 7-60 ns) is uwed to energze an
the conducting boundary. electron gun which produces an annular electron beam.

* ~~Recently there has been much interest in exceeding the Mae electro gun consist of a hollow, cylindrical Cathd
space-charge Ulit in highi-power microwave devices, nota- and an anode mask with an annular aperture Both the
bly the gyrotron and BWO.7-9 The space-charge Ulit is cathd and the and are fabricated fromn reactor-grade
severe in the gyrotron due to the nature of the gyrotron graphite. The annulus in the anode mask has an inner
interaction. which is more favorable when the beam a is radius; of 1.6 cm and outer radius of 1.9 cmi. The cathode-
large (a = 010% the ratio of perpendicular to parale ye- anode gap is 2.1 cm.L Directly downstream fromt theand

* locities). The space-.charge-limiting current for a cold an- mask is a RogowWk coil which lmesures the emitted beam
nular beam of vanishing thickness is given by'0  current on each accelerator pulse. Immediately Following is

ro(I - ( 0)1 ,1 11112  an array of four plasma guns,' equally spaced in azimuth.
ILOI(I) he plasma, guns are individually energized by an array of

2ln(WR~.) 'four 0.22 giF capacitors which are typically charged to 14

where IA is the Alfven current (17.07 kA), yo ac I V The entire system is immeized in a uniform 10 kG
+ (e Vo/moc) is the relativistic factor associated with the anial guide magneti field, produced by an external sole-

electron energy in the absence of any spc-cag depre- noid. In addition, as shown in Fig. 1, there is a field re-
sion, pj, = v~0,c, vjO is the electron axial velocity to versed. thin-soleoid "dip" magnet which is musd to spin

any pac-chrgedepessonR~ s te rdiu ofthcon up the electron beam"t and a Helmholtz pair positioned
datng bound-cary, aersind R, is the radius of the elcton- symmetrically about the cavity region. In these expert-
beam.n Thenlarge bamd a hic is dhesirables ofo opeecraton meats the cavity region u; composed of a simple straight
bteam yrThon corrgbespnd to lwc is ~ deiande thoerefiore lof wail drift space. The magnetic-field in the. center of the
lmtiegrrng currenspod olw0 n hrfr o cavity region is 29 kG,.

Oiitng renposibl men7ocr 1ttiibtal s ~ Te plasma density produced in the ~'vregion has
One ossblemeas tocir -a ths obtace i to been characterized by 70 0Hz quadratx-f !aticrowave in-use a neutral background plasma to short out the swelf-

electric field of the electron beam. This concept of a neu- efroet and by time-integrated photography of the
tralzin bakgrond las hasbee inestiate exen- light emitted by the plasma. The photographs of the light

trlzn akrun lsahsbe ivsiae xe emitted by the plasmat in the -cavity region indicat that

"Peraneit ldrs:Scium ppfcaim atereaioal orprtawu while the plasma is relatively uniform in the azmuthal
MPeran.n VAddes 22102.wliainslwentonlCrau direction, significanit nonutniformity exists in the radial di-

"b)Cod. 4707. PMm Phylsi Divkion. Naval i...,Ch Laoaoy rection, with the peak density being close to the cavity
"'Pernanent addrein: JAYCOR. Inc-. Vienna VA 22180. wall. Close inspection of the interferometry data shbows the
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The achievement of super-vacuum currnts is demon-
strated by measuring the beam current transported FRU. 2. Current minute by the togowaki coil pomlamed mikte cavity
through the cavity reio with and without the back- IU• . e anIm mm(openads) and frde l.met-alzm

neutalizng pasma whie vayingthe mni ~cde (aclid cir:Sin). shown with the calcuatda vacuum upeechaip-
go nd u lipmidag teamliud cuiu for a bea of mau thakn (dotted lin), th a

of the "dip" magnet. These data are shown in Fig. 2(a), cu~ate acu a s-hr. mitinguren for bea wit qnens
wher we plo the mese cavit curet agins the am- thema asa (thi lim), an thecaclae trasitd urn foran
piude of the "dip" mane for both the vacuum and enebe fnfisrctn letms(bol lne).

plam-neutraie cases. For the plam-neutrlzdcs
the data represent the maimum mesue sinl acros a spread in a for the calculated trajectories of an eneble of
sample of neutral plasma densities. This step is necessary noninteractinlg particles, using the measured magnetic
becus with too little plasma background the beam is not fields and electron bea voltage. The calculated tasi t-
neutralized, while with too much plasma background the ted currnmt for these single particle ensembles is shown in
bea current is partially neutralized and the Rolgowski Fig. 2(a) as the "mirror limiting currnt." In this cae the0
measurement gives an artificially low account of the beam lore of currnmt is due wholly to mirroring of individual
current. Similarly, as the "dip" magnitude increases, the particles in the region of the magnetic compression. It ca
average beam axial velocity decreases, which results in an be seen that there is good ageeent between this curve
increms in the local number density of beam electrons. The and the measured data for the plasma neutralized case.
higher number density of beam electrons requires a greater Similarly, we can us the caclae bea alpha to calcu-
background plasma density to provide for neutralization, late space-charge-limiting current for a zero-temeatr
The variation of the plasma density is achieved by varying beam of nonzero thickness,' 0°
the time delay between the firing of the plasma guns and
the firin of the accelerato. For our measured beam pa-. IOi~ (ror,,O) (2)
rameters and usin the estimated bea alpha, the pea G=&) I (ro./r..Ar/r,) '

number dest of the beam elcrn is in the range 1-3 and the space-charge-limitinlg current for a zer-othickness
X 1012 cm - . Combined with our previous estimate of the beam with a noner thermal spra in velocity'3

relative nonuniformity of the neutral background plasma,
the condition for neutralization of nlb- np appears to be hr(Ma) Iw11(a+4) +f(a_-)]1. (3)
well met. In these equations, ro is the mean radius of the electron

The variation of a with the amplitude of the dip mag- beam, Ar is the raia beam thickness. ',, is the radius of
net is shown in Fig. 2(b). Here we plot the average and the conducting boundary, G is an involved function of r0.

4.

436~ ~~~~~~~~~~~~ AppI. Ihs e.Vl 7 O6 CJl U itptlkt 3



, and Ar, and fla ÷ ) and fla..) are involved functions ng electrons, where the enseable M taken to reprmes a
of the maxmium and minimum a of electrons in the beam unifmm low initial tempm ur, annular beam of radia
distribution function. For these calculations a simple uni- dimenaon given by the anode mask. The higher nuacav-
form distribution extending from a a - to a a + is ity beam currents achieved with the aid of the •euralzig
assumed. Both the 1,(t&) and l,,(AM) curves are sen to background plasma should enabe higr pow. opera
agree reasonably well with the measured data for the vac- in existing intense beam gyrotron designs.4
uum case. It should be noted that for pump amplitudes The authors would like to acknowledge the amstance
corresponding to an average beam a of I to 2, the presence of B. Weber of NRL with the use of the plasma gum, setup
of the neutralizing plasma results in an increase in the of the microwave interferometry, and associted data anal-
beam current propagated through the cavty by a factor of yas prorams. This work was supported by the Olke of
about 3. Naval Research.

The calculations of I(A4, I.(Aa), ad the miror
limiting current shown in Fig. 2(a) are obtained using a
very simple electron beam distribution functon. The inner Y C J. Ivem IL E Ksll. an J. Nose. FhY& PAN. LIL U
and outer radii of the electron beam correspond to the 1IV$ (1974).
inner and outer radii of the anode mask aperture. The IN. Kovaiev. M. i. Petulin. M. D. Raiaw. A. V. SmorpmkiL.mad L E.
velocity distribution assumes a uniform spread in initial Tapp. Pia'. ZI. Eksp. Teat. RL IL 232 (1973) [JE1 LutIL 138
diode a ranging from 0 to 0.1. This range gave good agree- 3vLGWaUSI... J. J . 57, 717 (1984).

ment for both the roll-over point of the mirror limiting 's. p. &pa". v. 1. KVamvuu A. 1i.1Kcimm. am V. A. Chmvpmn.
current, and for the space-charge-limited current in the P'ma Z. Tek,. Fz. 9, 1,315 (1913) (Smo. Tals. fthy LAL. 9, •6
case of no pump field. Deviations of the theoretical curves (1913)).
from the data, for both the vacuum and pasm-eutralied j. Faj .aBekd Y. L Yian. and 3. a, Pby. Fluids , 1995

(1915).cases, are probably due to the details of the electron beam 'T J. or. Aowask B. Anden"m, W. M. Fawley. D. P"mMu. f- T.
distribution function which are grossly simplified in the Schadeamn. S. M. Yarems, D. Hopkiiw A. C. Paul, A. M. Semoi.
calculations. Further, no accounting has been made of the mod J. Wurtek, Phys. Rev. Let. 54. I89 (1985).
possibility of diamagnetic effects associated with the high a 'M. V. Kuzs.v. A. A. Rukhadm, P. S. Sfrudlo. mad A. G. Shkwumeun

Faz. Pbainy L3.1370 (1987) [Soy. J. Pla Phys. 1i 793 (1987)).beam, nor do the calculations consider the effect of space 'v. I. K.ilk. V. 1. Kucherov. and A. 0. Ostrov"kii ZN. TekI Fim S,
charge on the "spinning up" of the electron beam by the 1415 (191S) [Soy. PhYLa Tcch. Phys. A 512 (1991)).
pump magnet. 9Y. Cannel K. Minamii. . A. Kehs, W. W. Destier. V. L Ormiutcin.
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in a plasma-filled, gyrotron-type cavity. For values of the "f. J. Coansmo, D. D. Hinabelwood, 3. M. Neui, W. F. Olipait. OWnd
beam alpha in the range of 1-2 the increase in electron B. V. Weber. NRL Memo Report 6057, Naval Rematc Labonor.

Wash. DC 20375-5000 (1987).
beam current is approximately a factor of 3. Comparison of 'IS. H. GoKd, A. W. Flirt, W. M. Manbeaer, R. B. McCowas, W. M.
the measured transmitted vacuum current with the theo- BIWA. R. C. Lee, V. L Granastein. A. K. Kinkead. D. L Hawdety.
retical vacuum space-charge-limited current shows good and M. Sucy. Phys Fluids 30, 2226 (1987).
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Appendix G

Millimeter-Wave Gyroklystron Amplifier Experiment
Using a Relativistic Electron Beam
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Millimeter-Wave Gyroklystron Amplifier Experiment
Using a Relativistic Electron Beam

STEVEN H. GOLD. SENIOR MEMBER. IEEE, ARNE W. FLIFLET, MEMBER. IEEE.
WALLACE M. MANHEIMER, SENIOR MEMBER, IEEE, DOUGLAS A. KIRKPATRICK.

W. MURRAY BLACK, MEMBER, IEEE, ALLEN K. KINKEAD, DELBERT L. HARDESTY.
AND MARK S. SUCY

Ahsmiuct-A fundamental mued TE;,, two-cavity iuten-beam i"y- gyrotron oscillator. With an amplifier, the required phase
roklystron ampifier experment operatnug at a. accal•ratiag voltage and frequency coherence should be attainable, and in ad-
of s Ma. bus rehr. Tt cavitestf o we re toop avity ed to dition, because of the possibility of controlling beam pre-
cavity amplier has demsearatled a i dB ants an m- bunching before entry into the final cavity where micro-
saturated tput power of -40 kW, with the ihatriavity sale aW wave power is produced, higher efficiency operation
power -4 dB higer. The frequeuy of the od cavity has been should be possible. Furthermore, by using multiple gy-
found to track the frequency of the driven cavity over a rag of 3 roklystron cavities, higher stable gain should be achiev-
MHz arouud a cenat equr ecy of 3 GHz. Stable ampiler operai able than in gyro-traveling-wave amplifiers (see [3] and
was achieved with beam currents large as 15 A aud a velecity pitch
ratio (v, Iv,) of O.36. The stable operating nrane was Hlted by sp.. references therein).
rimas oscillation in the TE, muI. Theoretical calculations idcate A number of previous gyroklystron amplifier experi-
that higher galis might be attaiable If this mode could be suppremed. ments have been reported in the literature. Symons and

Jory [4] discuss a 50 kW, 28 GHz gyroklystron with 40
I. INTRODUCTION dB gain that employed a circular TEO,1 input cavity and a

rTHE GYROTRON oscillator has proved to be a highly TE021 output cavity. It operated at 80 kV with an 8 A
beam current, and achieved a saturated efficiency neart. efficient source of high-power millimeter-wave radia- 10%. Significant difficulty was reported in this device with

tion. Much of the research on gyvtron oscillators has been spurious oscillations in the input cavity and beam tunnel.
motivated by the need to develop sources for cyclotron This oscillation was suppressed by resistive loading of the
resonance heating of fusion plasmas [ 1i]. However, there undesired modes. F*! .ions and Jory also reported a second
are a variety of applications in which the requirements for harmonic gyroklystron experiment, operating at 50 kV and
frequency and phase control are more demanding than for 5 A, that produced 20 kW at 10.4 GHz. This device also
the fusion application. An example of this is the require- experienced significant problems with oscillation in spu-
ments imposed on the driver tubes for high-power linear rious modes. More recently, Bollen et al. [5] have re-
electron or positron accelerators, in which a large number ported a 50 kW, 4.5 GHz three-cavity gyroklystron am-
of separate microwave sources must be in close phase plifier operating at 35 kV and 5-10 A in a rectangular
synchronism to properly drive a long chain of acceleration TEmo, mode that achieved 30% efficiency. This device
cavities [2]. Another example is the requirements im- avoided mode competition by operating in the fundamen-
posed on separate sources which will be combined for tal mode of rectangular cavities, with drift spaces that
high-power-directed energy applications, such as when were cut off at the operating frequency.
each source drives a separate element of a phased array In recent years, gyrotron oscillator operation has been
antenna. For such applications, the gyroklystron amplifier extended to very high peak power (hundreds of mega-
has a number of natural advantages over the single-cavity watts) by employing high voltage ( > 1 MeV) intense ( a I

kA) relativistic electron beams from pulseline accelera-
Manuscript received March 9. 1990: revised July II. 1990. This work tors [6). There has been no corresponding extension re-
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ever. theoretical modeling and initial experimental
measurements demonstated that the accelerator voltage mauCA VUVmOWN

waveform ( ± 5% voltage ripple) was inadequate to dem- 1
onstrate phase-locking of the output cavity. For the final
parameters of the present experiment, the output cavity
was found to behave as a "primed" oscillator: i.e., to
oscillate only when the first cavity was driven. It was
found to have a peak output power of approximately I
MW (based on near-field measurements at the center of W.ArL

t p ) e sm. AESh a g sm e
the mode pattern)n but to exhibit strong temporal modu- Fig. p. Schematic diagram of the gyroklyshaen expenme.lation that was inconsistent with the observation of phase-

locked operation. "This amplitude modulation had a 4-ns
periodicity that seemed to match the period of the ±-5%
ripple on the voltage waveform. In light of this. the pre- through the coupling aperturesa which are labeled in Fig.
sent study was intended to test the stability of the bunch- 1 as "IN-I" and "IN-2," respectively, and through the
ing cavities and to demonstrate linear amplification of the sampling apertures o labeled "OUT-ci" and cOUT-2."
drive signal, with definitive tests of the output cavity post- Fig. 2 shows the details of the bunching cavity design. 0

poned pending the availability of a new accelator with an including the location of these apertures and of the slots
improved voltage waveform, used to control oscillation and mode competition. Fig. 2

also shows the calculated axial RF-field profile for the
II. APPARATUS TEI, and TEI1 2 modes of the bunching cavities. The

These experiments were carried out on the VEBA bunching cavity diameter is 5.33 mm. the nominal cavity

pulseline accelerator [8]. Fig. I shows a schematic dia- length (not including field penetration into the drift spaces)

gram of the experni..nt. An 8-mm-diam. solid electron is 7.5 mm, and the drift space diameter is 4.32 mm. The

beam was produced by an apertured diode which made calculated isolation of each cavity from leakage fields of

use of beam scraping to produce a low-velocity spread the adjacent cavities exceeds 100 dB for the TEI,1 mode,

beam with low initial transverse momentum [9]. The diode not including the additional losses due to the presence of

operated in a uniform axial magnetic field of -7.8 kG. slots. The present work deals only w.,h the operation of

The transverse momentum required for the gyrotron in- the bunching cavities.

teraction was induced by transit through a one-period un- The bunching cavities were designed to operate at a to-

tapered bifilar helical wiggler magnet with 4-cm length, tal Q of 200, where Q is the cavity quality factor. The Q
followed by adiabatic compression of the beam by means of each bunching cavity is given by

of a rise in the axial magnetic field to a final value of - 25 Q-1 = QW-I + Q.t (l)
kG. After compression, the beam was designed to overfill
the 4.32-mm-diam. beam tunnel leading to the first cavity where Q, n is the internal cavity quality factor, determined
in order to correct for the decentering induced by passage principally by slot and ohmic losses, and Q, is the qual-

through the wiggler magnet. The excess current was de- ity factor determined solely by losses through the cavity

posited on the walls of a graphite down-taper. The final coupling aperture. It is convenient to define the coupling

beam current was monitored by a Rogowski coil (not 0 as 0 = Qi.II/Q.t. In terms of this parameter, the frac-

shown) at the entrance to the beam tunnel. The final axial tion (R of the incident power reflected from the coupling

magnetic field needed for the device was determined by aperture at resonance is given by [ 111

the resonance condition for the first harmonic cyclotron- (1 -0)
maser interaction in the cavities, while the field in the -= (2)
vincinity of the wiggler magnet was chose,, somewhat (1 + 0 )
above the gyroresonant value [10]. This was due to pro.- A value of 0 less than one is considered undercoupled.
duce the required beam ,. where a -- v.. / vi is the ratio while a value greater than one is considered overcoupled.
of transverse to axial velocity, without inducing large mo- Critical coupling is defined as a coupling 0 of 1. a con-
mentum spread. which would be deleterious to the oper- dition for which dl goes to zero. For 0 - 1. a drive signal
ation of the gyroklystron. in the coupling arm should couple almost completely into

The gyroklystron has two slotted cylindrical TE,1 , the cavity.
bunching cavities of identical design (but slightly differ- The bunching cavity design called for 0 - 1; i.e.. Qrt
ent cold test properties), separated by a 4-cm-long drift - Qe, - 400. A pair of opposing axial shots, each of
space. Following the second cavity, an additional 4-cm- 440 transverse extent, was used to lower Qi,, to 400 for
long drift space leads to a TE, 21 slotted output cavity, the TE,,1 mode, while assisting in suppressing other com-
Each cavity has a separate vacuum enclosure lined with peting modes (7]. The length of these slots is three times
microwave absorbing material, so that energy leakage the nominal cavity length (see Fig. 2) in order to extend
from the slots will not couple back to the slots, or to an- everywhere that the TEI I mode has substantial RF fields.
other cavity. The bunching cavities can be accessed The ohmic Q of the cavities is high compared to the Q
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... P..G.....u would correspond to a 25$&m difference in the diameter of
Athe two cavities. In addition, the coupling to each cavity

was nearly critical.
SLO: $L, .The desired cold cavity frequency of the gyroklystron

.COUPLING APERTUhh .was 35.06 GHz (based on a predicted hot cavity fre-
2.0 .... quency shift of approximately +0.5% [7] and the calcu-

lated 35.2 GHz operating frequency of the TEr21 output
cavity). Each bunching cavity was then tuned to this fre-

U. 1.3 quency by transverse compression by means of separate
clamps. However, cavity deformation affects both the
center frequency and value of Q. Following the tuning

.1.0 process, the approximate quality factors of the two cavi-0$ \ties (the average of measurements performed driving the

a 0.8 The lower Q-value for the second cavity resulted in pan
o frLm the greater amount of compression needed to tune"'" i: "'-this cavity to the desired frequency. At the final cavity

0.0 - A. . tunings, the dip in the reflected signal for the first cavity

0.0 1.0 2.0 3.0 4.0 was 18.6 dB, while the dip in the reflected signal for the
AXIAL Posmo,, lam) second cavity was 11.6 dB. Based on the slotted-line mea-

Fig. 2. Schematic of the bunching cavities, indicating the location of ap- surements, each of the cavities was undercoupled. Hence
enutes and slots and calculated axial profile functions for the TE,,, and the value of 0 for the first cavity was 0.79, and for the
TE1. 2 modes of the bunching cavities. (The calculated profiles do not second cavity was 0.58. For the first cavity, this means
include the effects of the four "keyhole slots, which ame expected to
suppress the wings of the L - 2 axial profile function.) that the internal quality factor was 410. For the second

cavity, this means that only - 37% of the power gener-
ated in the cavity would escape from IN-2.

associated with the slots and may be neglected. The pres- As in the previous gyroklystron devices, a critical de-
ence of these slots also permits tuning of the resonant fre- sign consideration was to avoid oscillation in either the
quency of each cavity (to slightly higher frequencies) by operating mode of the bunching cavity or in other spu-
transverse compression of the cavities. rious modes. Oscillation in the design mode was avoided

The coupling apertures were designed to approximate through control of the cavity Q-values by means of slot
critical coupling to the cavity (i.e., Q,, - 400), while and aperture loading. Since the two bunching cavities
the sampling apertures were designed so as not to signif- were designed to operate in the fundamental TEll mode
icantly load the cavities. For a particular (measured) re- of cylindrical cavities, no mode competition was possible
flected signal, (2) can be used to calculate two possible from higher order transverse modes in the first harmonic.
values for 0 which are reciprocals of each other. How- The cavities were also designed for stability in higher-
ever, the measurement does not indicate which of these is order transverse modes coupling in higher harmonics of
the correct value. The remaining uncertainty can be re- the cyclotron frequency [71. However. analysis showed
solved by slotted line measurements of the phase of the that a higher order axial mode of the bunching cavities,
standing wave in the coupling arm. The procedure used the TE, 12 mode at approximately 40.4 GHz, would be dif-
to ensure nearly critical coupling began before the final ficult to suppress. This mode could only be weakly cut off
cavity brazing took place. Each cavity was initially cold- in the drift space separating the cavities because of the
tested with a very small coupling aperture (0 << 1). The need to propagate the electron beam. As a result, the axial
cavity Q-value and reflected signal were then determined profile function of the TE, 12 mode extended substantially
and the coupling aperture progressively enlarged until the farther into the drift space than that of the TEl,, mode.
Q dropped by approximately a factor of two and the re- resulting in a substantially lower starting current. In order
flected signal at resonance dropped to near zero. At the to further suppress the TE1 12 mode without loading down
conclusion of this process, each bunching cavity demon- the TE,,I mode excessively, additional pairs of 7.5-mm-
strated a resonance within a few tens of MHz of 35 GHz long slots (see Fig. 2) were placed in the walls of the
accompanied by a large ( -20 dB) dip in the reflected cutoff sections. These slots begin just beyond the main
signal at resonance. At this point, the final cavity brazing cavity slots, but are at an angle of 900 to them. The corn-
was performed. The cold tests were then reverified, yield- bination of large slots at 900 intervals in different regions
ing center frequencies of 35.03 and 34.86 GHz for the of the cutoff sections was intended to limit the axial extent
first and second cavities, respectively. (The absolute ac- of the RF fields of the TE,, 2 mode of the cavity. They
curacy of these two frequencies is - 0.1 %, or ± 35 MHz, were also intended to substantially lower the Q of the TEI
but the precision of the measurements is - 5 MHz. which mode of the drift spaces, of any polarization, as well as
permits an accurate determination of the frequency differ- of other modes that might occur at higher harmonics of
ence between the cavities.) This frequency difference the cyclotron frequency. in order to prevent the buildup
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of oscillation in the drift spaces. The design of the entire kind. For a linearly polarized TE1, circular waveguide
RF circuit is discussed in detail by Fliflet et al. (71. mode. an on-axis beam. and the fundamental harmonic

Despite these measures, an important limitation to the interaction, the normalized quantities are defined accord-
available parameter space of these gain measurements was ing to
the need to avoid exciting the TE, 1 2 mode. As predicted. 215/2telpo Q, X
too high a beam a. or too high a magnetic field, would 1 i - - - - 5 - .*I 5
cause this mode to oscillate during the flat portion of the I] 4moc "yo•'-- d, (x, -lo (5)

VEBA voltage waveform, during which the amplification $.0 d(
measurement at - 35 OHz must take place. The presence p, = r - (6)
of this mode both at high a and at a high magnetic field /3O X
was verified by determining that an observed oscillating 2 /(
mode produced power that could propagate through a short 4= 17- (7)
section of the V-band waveguide. with cutoff frequency \o

of 40.0 GHz. but not through a section of the W-band 21e r.,
waveguide, with cutoff frequency of 59.35 GHz. Limiting F, -j E, (8)
operation to lower magnetic fields and lower beam a in •
order to avoid exciting this mode moved the 35 GHz op- where the subscript i is the cavity index. e and m0 are the
eration to relatively large detunings and lower gains, electron charge and rest mass, po is the free-space perme-
compared to the optimum values predicted for this circuit ability, c is the speed of light. x, is a zero of J. X is the
by Fliflet et al. [7]. free-space wavelength. di is the effective interaction

length, 0,o and $go are the average transverse and axial
111. TmEoey electron velocities normalized to c, "y is the relativistic *

Early results on the small-signal theory of the gyro- energy factor, Q, is the cavity quality factor, r., is the
klystron were reported by Ergakov and Moiseev [121 and cavity wall radius, E, is the peak cavity RF field. 1o is the
Symons and Jory (4]. A nonlinear analysis of the two- beam current. 0 is the relativistic cyclotron frequency,
cavity gyroklystron has been given by Ganguly and Chu and w is the wave frequency. Except as noted, all quan-
[131, and a small-signal self-consistent field theory of the tities are expressed in MKS units. Equation (4) agrees with
multicavity gyroklystron has been given by Ganguly et al. the result given in [151, except for the presence of the 0
[141. A small-signal theory of the multicavity gyrokly- term proportional to cos 0. This term was not included in
stron based on Gaussian axial profiles for the cavity elec- [ 151 or [71, which both assume operation at detunings
tric fields and expressed in terms of well-known gyrotron (magnetic fields) for which / 2A /4 - I. This is a con-
normalized parameters has been given by Tran e al. [ 15). ventional choice for obtaining a high threshold current for
The theory of the phase-locked gyrotron with a prebunch- self-oscillation of the bunching cavity, but unnecessarily
ing cavity has been treated in the small-signal approxi- restricts the generality of the result. The intracavity gain •
mation, including finite temperature effects, by Manhei- is calculated by relating F 2 to F, using (3) and (4) and
mer [16], and in the nonlinear regime by Fliflet and noting that the power generated by the second cavity (P 2 )
Manheimer [171. The theoretical approach given in [15] is related to the power injected into the first cavity (Pi,)
has been used to calculate the small-signal gain for the as
present configuration in the cold beam approximation. The Fz Qim
phase bunching of the beam at the entrance to the second P2 = PiF 0.2 " (9)
cavity is characterized by the bunching parameter,

q = ,/'F,;&g el, A4 -/3_,u/2 + AdI (3) However, the power coupled out of the second cavity is

where FI, p,. and A are the normalized peak electric field given by

amplitude, interaction length, and resonance detuning pa- F- Q i
rameters for the first cavity, and Ad is the normalized P = P .FQ., (10) 0
length of the drift section. The normalized amplitude of
the RF electric field induced in the second cavity by the Here Q,.j. corresponds to the internal quality factor of the
phase-bunched is given by first cavity, and Q2,, refers to the external quality factor

F. = 'li 2js,_e -(D"A/4)ZjW(q) (the Q associated with the coupling aperture) of the sec-
2 Nond cavity. Note that the cavity lengths do not appear in

sin +-A/4-- 1COS (4) (9) and (10) because p, and u2 are equal.

%f/3 #I/2 + Ad IV. EXPERIMENTAL RESULTS

where 1, and IA2 are the normalized current and length
parameters for the second cavity, 4 is essentially the phase The principal measurements were a straightforward gain
difference between the RF fields in the first and second measurement and a frequency comparison between the
cavities, and J, is a regular Bessel function of the first first and second cavities. Measurements were carried out
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as a function of the drive frequency applied to the first 40
cavity and as a function of experimental parameters. The
diode voltage "flat-top" was 950 ± 50 keV (with 5% 1
ripple), the beam current was 150 ± 20 A. and the cal-
culated beam a was 0.36. The beam a was calculated
using a fully relativistic single particle simulation that cal-
culates electron particle trajectories in the combination of 0 .
solenoidal fields and fields due to the wiggler windings. 3 3 X1 X 3

The wiggler fields were calculated from a complete Biot- eUloca.sltadsc
Fill. 3. Measured beat fnxuwwy betwee ris loa oscillator and second

Savart solution of the fields due to a one-period untapered cavi. out fneteany as a f of the deave fsuqume of ts Jim

wiggler coil with realistic closures at each end. cavity. The solid line is tOn calcuated beat freqency basd on doe ma-
The frequency of the second cavity was tracked by a stred difference between the local oscillator and nestos frequnmcies.

heterodyne diagnostic as the driver magnetron frequency
was varied. To do this, the signal from OUT-2, after at-
tenuation, was split by a 3-dB coupler, and half of it was on the first and second bunching cavities. The cold tests
combined in a balanced mixer with a local oscillator (an were carried out as follows: At critical coupling, essen-

* IMPATT diode) whose frequency could be tuned sepa- tially all of the drive signal at the coupling aperture flows
rately from the frequency of the driver magnetron. The into the first cavity and is dissipated in the other cavity
magnetron and the IMPATT frequencies were monitored losses, in this case dominated by the cavity slots. Cold
by separate frequency meters whose relative calibration tests were used to determine the ratio of the power in-
was determined by cold test. By this means, the difference jected into IN-I to the power detected at OUT-I. To de-
frequency Af0 between the drive signal and local oscillator termine the power generated in the second cavity, it was
signal could be determined for each separate experimental assumed that only 37% of the power was coupled out of
discharge. The experimental value of 4f for the output of port IN-2, while the remainder was delivered to the inter-
the second bunching cavity, when the first bunching cay- nal cavity losses, dominated by the cavity slots (see the
ity was driven at a known frequency, was determined by discussion in Section U). Thus the measured signal was
analysis of the signal from the balanced mixer which was multiplied by 2.7.
recorded on an analog oscilloscope. The maxima and zero Fig. 4 plots the linear gain between the first and second
crossings of the mixer signal were used to count the full cavities as a function of the axial magnetic field at a drive
and fractional "beats" of the local oscillator frequency frequency of 35.19 GHz, along with the predicted gain.
against the output frequency of the second cavity during Since the second cavity was designed as a bunching cavity
a central 20 ns central interval within the output pulse rather than an output cavity, the gain was defined in terms
length. The number of cycles of the beat signal divided of the intracavity power P2 rather than the output power
by the reference time interval yields an experimental mea- Po. The experimental data were taken by varying the field
sure of Af. provided by the cavity solenoid while keeping the main

Fig. 3 shows a measurement of the variation of the sec- axial magnetic field fixed. Each point in the figure rep-
ond cavity output frequency as a function of the frequency resents a single experimental discharge. The measured
of the driver magnetron, with the local oscillator fre- gain peaks in the vicinity of 28.5 kG. The highest-single-
quency held fixed. This data was taken with a cavity mag- discharge gain factor is -90 X, corresponding to a pin
netic field of 26.6 kG. The plot actually compares the of approximately 19 dB. Based on the difficulty in cali-
measured beat frequency Af between the local oscillator brating the various cavity coupling factors, the uncer-
(at 35.23 ± 0.02 GHz) and the second cavity output fre- tainty in this value is at least 3 dB. (The corresponding
quency as the first cavity drive frequency was varied be- gain measured in terms of the power coupled out of the
tween 34.98 and 35.27 GHz. The solid line indicates the second cavity is - 15 dB.) The highest intracavity powers
predicted beat frequency A&. This data indicates that the in the second cavity were in the range of 50 to 100 kW
frequency of the signal in the second bunching cavity (20 to 40 kW coupled out), while typical first cavity drive
tracks the drive frequency of the first bunching cavity; powers were in the range of I to 2 kW.
i.e.. that the gyroklystron circuit is amplifying the signal The predicted gain shown in Fig. 4 is calculated from
injected into the first cavity. (In the absence of the beam, (9). It is found by optimizing (4) with respect to ik, which
there is no measurable leakage between the two cavities corresponds to driving the system close to the cavity res-
at the drive frequencies.) onant frequency. The calculations assume a 950 keV, 150

The amplification factor is measured by determining the A, a = 0.36 beam. In obtaining this curve, the Bessel
ratio of the power generated in the second cavity, as mon- function J, (q) in (4) was approximated by q/2. From
itored through the coupling port IN-2 (see Fig. 1), to the approximately 22 to 28.5 kG, theory and experiment agree
power injected into the first cavity through the coupling moderately well. The experiment actually does slightly
port labeled IN-I, as monitored by the sampling port better than the theoretical model in this range of magnetic
OUT-I. This determination depends sensitively on the fields. (It should be noted that small changes in the ex-
calibration of the coupling factors of the various apertures perimental values of current, voltage, magnetic field, and
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0 bunching. The resulting increase in bunching would make
1150 possible a higher gain in a gyroklystron amplifier. or a
100 larger locking bandwidth in a gyroklystron oscillator.
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INTRODUCTION
The high power handling capability a( millimeter wave gyro-ampliims makes the devices attrctve for applications

such as high resolutiona radar. long range sptce comiunicatio. aid plasma heating. The Vacuum Electromnics Branc at NRL is
making continuing efforts to develop slble. broadtand (> 15 %) mill wave gyro-umplifim operating at low beam voltage
(< 100 kV ). Two configurations are being investigated: a two-suge tapered gyrot=o-uaveling-wave-tube amplifier (gyro-
TWT). and a two-sage slow wave cyclotron amplife (SWCA). The growth mechanism in the two-sage gyro-TWT is based on
phase synhuomsm between the relavistic cydoo moioni oia gyrating beam mad a fast pided wave, leading W the azirthal
phase bunching (cyclotron resonance maser insmbility); when=a wave growth in the SWCA occus when the gyrating beam is in
synchronism with a slow guided wave. resulting in axial bunching (Weibel instability). A two-stage Ka-band gyro-TWT has
been assembled and experiments are currendy underway to demonstrate stable, high power. broadband amplification. An initial
design study on a Ka-band two-stage SWCA with a sever has been completed. A high quality axis-enircling beam (60 kV. 5
amps. ,vz/vz z 2 % at vtivz = 1) is employed in the slow wave circuit. Characteristics of cold-tem r" components at described.

TWO-STAGE TAPERED GYRO.TWT AMPLIFIER
Previous expenments on the single-stage Ka-band tapered gyro-TWT at NRLI have demonstrated high power (-5 kW).

millimeter wave amplification with an instantaneous bandwidth > 30%. As is usual in single-stage distributed amplifiers
without severs, gain in this device was limited by the impedance mismatch between the RF amplifying circuit and the vacuum
window. In order to increase the stable gain while reducing the amplifier's sensitivity to circuit match, a two-stage tapered gyro-
TWT has been designed and built.

The experimemal setup of the two stage tapered gyro-TWT is depicted in Figure I. An annular elecra beam is
produced from a thennionic cathode of a double anode MIG. The initial beam velocity ratio. a - vtlvz, is adjusted flom 0.5 to I
at the entrance of the tapered circuit by adjustment of the mod anode voltage and the magnetic field at the cathode. The cathode
voltage is typically - 33 kV DC and the mod anode voltage (-10 - -20 kV) is pulsed at 60 Hz. The circuit consists of three
sections: a linearly down-tapered rectangular waveguide input section. a 1" long waveguide cutoff section (fco - 39.4 GHz), and a
linearly up-tapered rectangular waveguide output section. The rf signal from a frequency synthesizer and a 50 W TWTA is
injected into the input section through a directional coupler. The rf amplified in the input section is reflected at the cutoff section
and coupled back to a matched load through the directional coupler. The amplified rf power in the output section is extracted
directly through a smooth transition to Ka-band waveguide. The width of the circuit varies from 0.24" (fco = 24.6 GHz) to
0.15" (fco = 39.4 GHz) along the 8" axial length in the input section and from 0.15" to 0.24' along the 12" axial length in the

* output section. The circuit height throughout its axial extent remains constant at 0.14". The total length is the same as thu in
the single-stage gyro-TWT and the input and output tapering lengths are selected so that oscillations are not expected in the
amplifier. The grazing condition for beam-wave synchronism can be maintained over a wide frequency range by tapering an
external magnetic field along both tapered circuits. The grazing magnetic field is related to beam and circuit parameters through
B a lco/(2.8 yz) in kG, where 1z is (I-(vz/c)2)'i/2 and fco is in GHz. Such a precise non-linear tapered field, as shown in Figure
1. is produced by a computer controlled. 14-coil superconducting magnet system based on a magnet current synthesizing code.
As will be shown below, the instantaneous bandwidth of a two-stage gyro-TWT is very sensitive to the axial velocity spread.

* Thus. in order to produce a low velocity spread beam from the double anode MIG, three water-cooled trim coils are added in the
gun region to insure a flat field at the cathode.

A directional coupler to inject RF power in the input section was designed based on Bethe's coupling theory using
Chebysbev coupling distribution (7 element and 6 aray)2. A broad wall coupling of the Ka-band waveguide was chosen because
it produces a broader bandwidth than a narrow wall coupling. In order to increase the coupling strength. rectangular holes with
rounded comers are used. Figure 2 shows a coupling strength measurement, obtained from a HP8510B network analyzer.
Measurements show a coupling value of -1.5 dB. a return loss < -27 dB. and a bandwidth of 43 % (24.1 - 37.4 GHz), these we in
good agreement with the simulation using the 3-D electromagnetic code. HFSS 3. Two vacuum windows and DC-breaks for
monitoring beam currents in the circuit and collector are made of mica films with thickness less than I mil.

*SAIC. McLean. VA 22102
* IlOmega-P. Inc.. New Haven, CT 06520

§B-K Systcms, Inc., Rockville. MD 20850
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Cold test measurement on the window shows a reflection of less ta -23 dB. which satisfies the amplifier stability condition
(Gain < Reflection) m both the input and output swion.

Simulation results for the amplifier performance obtained from a non-linear code4 predict a two-stage gain of -30 dB, an
electronic efficiency of 20-30 %, and an instantaneous bandwidth of 10-15 % for Avz/vz - 2%. In contrast to the single-stage
gyro-TWT, the bandwidth is seen to be very sensitive to axial velocity spread. although the efficiency is less sensitive.

TWO-STAGE SLOW WAVE CYCLOTRON AMPLIFIER
Another broadband millimeter wave gyro-device is the slow wave cycloton amplifier. in this device, a constant group

velocity can be maintained over a wide frequency range when a waveguide is appropriately loaded. The SWCA iecm occurs
over the frequency band where the wave group velocity is close to the beam axial velocity mn the slow wave region (vpb < c).
Two types of slow wave circuits have been considered- a metallic disk loaded waveguide5 and a dielectric loaded waveguide6. As
an initial experiment, the dielectric loaded circuit was chosen because the amplifier is operated in the lowest TE mode (T1IIO-
even) and is thus free from mode competition, and because the required magnetic field in the circuit is lower (e.g.. -7 kG for a
Ka-band operation).

Figure 3 shows a cross-section view of the dielectric loaded circuit. Two dielectric slabs line the narrow walls in the
circuit. Tianstar 7 (Ai 203 (99.9 %). Er - 10.1) was chosen because of its low loss tangent (-10-4) and its high dielectric strength
(-190 kV/cm). An iregular circuit is chosen such that the fundamental beam line does not intersect any undesired higher order
hybrid modes in the operating frequency range (28 - 36 GHz). As shown in Figure 4. the measured wave di
charactertmcs are in good agreement with the prediction.

A compact (- 6 cm long) input directional coupler was designed for high coupling value and wide bandwidth. The
difference from the gyro-TWT coupler is in that the coupling holes are arrayed with an 8 element. 4 array distribution and thus
the coupling strength and the bandwidth are increased with fewer holes. Measurements show a coupling value of -0.4 dB over a
60 % bandwidth (22.7 to > 40 GHz) and a minimum directivity of 45 dB. Table I shows the comparison between theory. code.
and cold-test results. It was also observed in the simulation that, by reducing the coupling wall thickness from 10 mils to 5
mils. a more compact (- 4 cm long) coupler can be designed with the coupling strength and flatness as good as the present
coupler.

The HFSS-code was utilized to design a mode convertor to couple a fast wave injected from the directional coupler into
the slow wave in the circuit. The mode convertor employs two tapered sections. In the first, linearly tapered dielectrics in
uniform Ka-band waveguide convert a fast wave TEl 0 mode into a slow wave TExi 0 -even mode. In the second, both dielectrics
and surrounding metallic waveguide are tapered to match with the smaller circuit dimension. Simulations predict pure mode
conversion (coupling value - -0.02 dB) and low return loss (- -30 dB) in the frequency range of 22 - 36 GHz. Figure 5 illustrates
the difference in the mode conversion efficiency between the irregular dielectric and regular dielectric loading ( ie. simple
rectangular cross-section). Note that there is mode conversion to a hybrid mode at - 33 GHz where the hybrid mode has the
same phase velocity as the TEx lO-even mode.

Since the maximum RF field is located in the dielectric in the slow wave region, the beam should be propagated close
to the dielectric surface for strong coupling. The clearance between the beam and the dielectric in the circuit is - 30 mils for a
cold beam. Thus. it is possible for a highly energetic beam to be intercepted by the circuit. Arrays of thin wires on the dielectric
surface could drain charge buildup. However, simulations show that hybrid modes become very dense near the operating mode
when such wires are present. resulting in undesired mode competition. Therefore. a thin conducting film of tantalum is sputtered
on to the dielectric surface to drain the space charge. It is also possible that beating of the dielectric due to electron bean
bombardment can cause a change in the properties of the dielectric. Cold-test measurements show a 2% increase of the dielectric
constant at 200 'C. which was observed similarly in other dielectric materials 8 . Therefore, temperature rise should be monitored
during experiments, and circuit cooling may have to be applied.

A non-linear theory 9 was used to examine the performance of a single-stage amplifier in the small and large signal
regions. As shown in Figure 6. the efficiency is very sensitive to beam axial velocity spread. This is because the Weibel
instability takes place at large values of the axial propagation constant in the slow wave region. The saturation length is
different for Avz/vz = 0. 2. 4 %. The circuit length was chosen to maximize the gain and efficiency at Avz/vz = 2 %. A triple
pole piece center-post gun10, designed at Litton and currently in assembly, will be used to produce a high quality axis-encircling
beam with a low velocity spread (60 kVM 5 amps. Avz/vz < 2 %).

As seen in the dispersion relation (Figure 4). oscillation at the second harmonic TEx 10-odd mode can exist in the long
single-stage circuit. In addition, the odd mode and all the hybrid modes would be completely trapped in the circuit because the
dielcctric mode convertor is designed such that only TEx 1-even mode can couple with the TE10 mode. A threshold current of
the gyro-BWO in the dielectric loaded slow wave circuitI 1 is expressed as
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by Lt. s a hamonic number, and r is defined in reference 12. Figure 7 illustraes the thh currets vemus intraction

lngth. It is clear tha a sever is necessary for a stable operation of he amedififf at high pin. Backward wave growth (negative
phUipgmup velocity) was observed in a partcle-in-ce-• code. MAGIC 1S when there was no sever; this is consistent with the
pediction from hao theory. The length and tapering angle of two lousy dielecurcs for the sever were opturad by the use of
HFSS. Thbe code pedicts a wave attenuation of better than .25 dB and low reflection (< -30 dB) in the operating frequency rmge.

Large signal calculations of the two-stage SWCA predict an efficiency of 10-15 %, a gain of 23 - 25 dB, and an
instananeous bandwidth of 15 - 20 % for an input section length = 13.6 cut, output section length a 14.1 Cm. sever length - 2
cm. input power = 200W. and Avz/vz - 2 %. The results from the slow time-scale non-linear code agree with MAGIC
ý_miulations for a cold beam.

CONCLUSION
Cold-tet on each component of the two-stage tapered gyro-TWT have been completed. Hot-test of the circuit with a 33

kW. 0.5 -1 amp beam is cunently underway to demonstrate stable high gain broaband amplifIcation.
A design study on the SWCA has been performed to conduct Ka-bmnd experiments on a broadband millimeter wave

amplifier with a low magnetic field. An axis-encircling beam with low velocity spread is designed to amplify Ka-band radiation
with a power > 30 kW and an instantaneous bandwidth > 15 %. One of the main difficulties in the SWCA experiment will be
beam propagauon through the circuit.
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Table 1. directional courler desiened by 8-element/4-army Chebvshev method

coupling value min. directivity 3dB bandwidth
(dB) (dB) (GHz)

theory 0 45.4 24-42
HFSS - 0.2 43 22 - 42
cold test - 0.4 45 22.7 - >40
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Gyro-TWT amplifier configurations are under investigation to demonstrate broadband (> 10

%), multi-kilowatt, millimeter wave generation with low beam voltage (< 60 kV) and low magnetic

field (< 1.4 Tesla) for electronic warfare applications. Wideband rf amplification can be achieved

by either loading the waveguide to slow down the rf phase velocity of the wave or tapering the
waveguide along the axial distance. Three configurations are under study: (1) a broadband W-

band harmonic tapered gyro-TWT amplifier, (2) a dielectric loaded slow wave cyclotron amplifier,

* and (3) a folded waveguide gyro-TWT amplifier.

The broadband harmonic tapered gyro-TWT concept under study is an extension of the Ka-

band two-stage tapered gyro-TWT experiment at NRL [1]. The use of tapered waveguide allows
wideband interaction along the circuit. As shown in Figure 1, the interaction circuit consists of

* Qtwo linearly tapered circuits of rectangular cross-section separated by a uniform drift section. The
input circuit is designed to operate in the fundamental cyclotron harmonic, while the output stage

operates in the third harmonic. A two stage configuration is used to isolate the input and output

signals and to enhance the gain and efficiency by pre-bunching the beam. The circuit is placed in a

• nonlinearly tapered external magnetic field which is maintained synchronously at each axial

position. Efficient interaction occurs over a broad frequency range when the magnetic field is held

near the grazing condition along the circuit. A Ka-band drive signal is injected in the input sectir-

to modulate the axis-encircling beam as in the previous two-stage tapered gyro-TWT. However, in

* the output section, the waveguide width is designed so that the waveguide mode is in phase
synchronism with the third harmonic beam cyclotron mode. As a result, amplified radiation in the

output section is extracted at frequencies increased by the harmonic number (s = 3) over the drive
signal. To insure single mode operation, the waveguide operates in the lowest order mode, TElO,

* in both the input and output sections of the amplifier.

One of key issues for the W-band harmonic gyro-TWT is beam formation and transport. A
triple pole piece, center-post electron gun [2) originally designed for the NRL gyropeniotron

experiment, will be used to produce a high quality axis-encircling beam for the tapered harmonic

* experiment. Since the operating mode is the lowest rectangular waveguide mode interacting with

the third harmonic beam cyclotron mode, the beam-circuit clearance in the output circuit is tight.

0



To alleviate the beam clearance problems in the output stage and to allow the use of a single

sidewall coupler, an overmoded slotted square waveguide is used. To suppress the undesired

polarization in the square guide, lossy dielectrics are placed adjacent to the waveguide slots. For a

hot beam in the square output guide, the beam clearance varies from 10 mils (at the narrow end) to

20 mils along the output circuit. This corresponds to a beam filling factor of 50 - 68 %. It is

crucial, therefore, that the magnet provide a straight field over the circuit length for good beam

propagation. Since the circuit width in the input section is three times wider than the output circuit, •

beam interception in the input section is not expected to be a problem.

The performance of the harmonic tapered gyro-TWT amplifier has been examined using a self-

consistent slow-time-scale nonlinear code [3]. A detailed description can be found in reference 4.

Simulation parameters arc: beam voltage - 50 kV, current - 2 A, input rf power - 10 W, initial beam S

velocity ratio at the entrance of the input stage - 1. The simulated efficiency and output power of

the amplifier are shown in Figure 2 as a function of frequency for various axial velocity spreads

(Avz/vz) of the electron beam. Gain in the input and output stages are also plotted in Figure 3.

The peak efficiency is seen to decrease from 13 % to 8.5 % as Avz/vz increases from 0 to 4 %,

while the 3 dB bandwidth decreases from 15% to 6%. At Avz/vz = 2 %, the saturated efficiency is

approximately 12 % (corresl ,nding to 12 kW) with a bandwidth of 10 % from 90 - 100 GHz.

A proof-of-principle tapered harmonic experiment is currently underway. Broadband rf

vacuum windows have been designed for Ka-band (input window) and W-band (output window). S

The windows consist of three sections of 1/4 wavelength BeO. Figure 4 shows the return loss

measurement for the Ka-band vacuum window. The return loss is observed to be better than - 20

dB in the frequency range of 23.5 - 37.2 GHz (bandwidth = 46 %), which agrees very well with

the prediction from a 3-D electromagnetic code, HFSS [5]. A broadband rf directional coupler for

the experiment has been designed using Chebyschev impedance transformation theory and Bethe

coupling theory [6]. A Ka-band directional coupler has been fabricated using EDM (electrical

discharge machining) for cold-test. Figure 5 shows the forward coupling measurement obtained

from a HP 8510B network analyzer. Measurements show a coupling value of -0.4 dB over 22.7

to > 40 GHz (BW _> 60 %), minimum directivity of 40 dB, and return loss of < -25 dB, in good

agreement with HFSS predictions.

The second wideband gyro-device concept under study is a dielectric loaded slow wave

cyclotron amplifier. By the use of a loaded circuit, a constant group velocity can be maintain over

a wide frequency range in the slow wave region therefore providing the possibility for wideband

operation. Figure 6 shows a cross-section view of a ridged rectangular circuit which is loaded

with two dielectric slabs. A high quality axis-encircling beam (60 kV, 5 A, ot = 1) couples with

the slow waveguide mode, TExl0-even mode in this device. The dielectric height is less than that

in the beam tunnel to insure that the fundamental beam line does not intersect any undesired higher



order hybrid modes (such as TMx modes) in the operating frequency range of interest. The ridged

circuit has some advantages over a regular rectangular shape in that (1) the dielectric slabs can be

protected from beam interception, and (2) the peak electric field is shifted from inside the dielectric

to near the ridges in the beam tunnel. Thus the beam-wave coupling is expected to be improved.

A linea- theory (71 predicts second harmonic backward wave oscillations of the TEx I0-odd

mode in the single stage circuit. In order to suppress the gyro-BWO oscillation, the circuit must be

severed. Large signal calculations of the two-stage SWCA predict a saturated efficiency of- 17 %

(50 kW output power), a gain of - 28 dB, and an instantaneous bandwidth of - 20 % (29 - 36

GHz) for input power = 150 W, B = 7 kG, and Avz/vz = 2 %. Note that although the SWCA

operates at the fundamental cyclotron harmonic interaction the magnetic field is reduced by a factor

of 2 compared with conventional fast wave gyro-devices due to the large doppler shift in the

electron cyclotron frequency. The results from the slow time-scale non-linear code are found to

agree with the simulations by the particle-in-cell code, MAGIC [8]. The design of the SWCA tube

has been completed and parts are on order for hot-test. Detailed design calculations for the device

can be found in reference 7.

Another wideband gyro-device concept which has recently been investigated is the folded (H-

plane bend) waveguide gyro-TWT. As illustrated in Figure 7, the device is configured so that an

axis-encircling electron beam exchanges energy with a transverse electromagnetic wave as it passes

successively through the narrow walls of a metallic serpentine structure. The major advantages of
the folded waveguide gyro-TWT amplifier include; (1) natural rf separation from the spent electron

beam, thus easily applicable for operation with a depressed collector for efficiency enhancement,
(2) potentially high average power handling capability, (3) simple input and output coupling, and
(4) low cost of fabrication. Potential shortcomings for the device include reduced gain per unit

length over continuous interaction schemes and bandwidth reduction due to backward wave and/or

stop band oscillations.

Figure 8 shows the normalized gain function in a cavity structure as a function of the linear

theory detuning parameter for two cases; (a) gyro-klystron type cavity in which case the beam
propagates along the long dimension (L) of the cavity, and (b) the case of the folded waveguide in
which case the beam propagates along the short dimension (A) of the cavity. The detuning

parameters are defined as (co - o.c/y - kzvz)(L/vz) for the case (a) and (cw - cOc/y - kxvx)(A/vx) for

case (b), where ct/y is the relativistic cyclotron frequency, kz = it/L, kx = v,/A, A= cavity width, L
= cavity length (3A), and vx and Vz are the beam axial velocity. As depicted in Figure 8, the linear

magnitude of the gain function for case (b) is lower by a factor of 10. This is primarily due to the

reduction in the interaction length for the folded waveguide case.

In order to examine the large signal performance of the folded waveguide gyro-TWT, the

configuration has been modeled and simulated using the PIC code MAGIC. In the simulation, the



transverse and axial length of the serpentine structure was set so that the rf "effective" axial (beam
propagation direction) phase velocity was reduced to [1/(I+h)]vph = 0.9 Vph, where Vph is the

phase velocity of an unfolded waveguide and I and h are defined in Figure 7. The beam current S

was set at 0.5 A, which is less (by a factor 10) than the designed beam current of 5 A, to reduce

the beam potential depression effects observed in the 2-D simulation. In the simulations, a high

power drive signal of 3 kW was injected to save simulation space and time for saturation. As a

result the high power if injection, a strong electron azimuthal phase bunching was observed after

only 4 passes through the folded waveguide circuit. Figure 9 illustrates MAGIC outputs; gain and

electronic efficiency versus the number of beam passes through the serpentine waveguide. The

saturated electronic efficiency is - 12 %. The linear gain of the device is expected to be around 1.6

dB/cm for a beam current of 5A.

A cold-test model of the folded waveguide has been fabricated. A beam hole with a diameter of

86 mils was made on the narrow walls of the folded waveguide by wire EDM. A larger hole for

high beam power can be accommodated, however, at the expense of the increased rf mismatch near

the stop bands. Cold test measurements show a return loss of -12 dB at the stop-bands where the

space harmonic modes intersect and -20 dB in the propagation bands. The stopband frequency and
spacing are in good agreement with HFSS simulations. In order to increase the spacing between
the stop bands, a double ridged circuit is proposed for which broadband (>10%) operation may be

possible. The dispersion relation for the ridged folded waveguide gyro-TWT is depicted in Figure
10. Future work includes the study of the threshold conditions for the onset of backward wave
gyrotron oscillations for the space harmonics and the development of a slow-time scale non-linear
simulation code.

Work supported by ONR.
*SAIC, McLean, VA 22102
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WIDEBAND GYRO-TWT AMPLIFIER EXPERIMENTS

J. 3. Choi*, G. S. Parki, S. Y. Punkl, C. M. Armstrong, A. K. Ganguly,
R. iL Kyser§, and M. L Barsani

Naval Research Laboratory, Code 6840, Washington, D.C. 20375

INTRODUCTION
Research on broadbuad, mults-kilowatt millimeter wave gyro-TFT amplifiers operating a low beam power (< 300

kW) is auractive for applicatons such as electronk warfare, radar, and ""nication In order to achieve wideband rf
amplificaftion in gymo-devices, the waveguide is ethr tapered along the axial dissanceor loade with disks or dielecu. Two
Ka-band gyno-TWT amplifiers are considered; (1) a tapered rectangular waveguide and (2) a dielectric loaded rectangular
waveguide. A frequency multiplied harmonic interaction in tapered waveguide is also investigated for W-bend rf
amplification.

TWO-STAGE TAPERED GYRO-TWT AMPLIFIER
Previous experiments on the single-stage Ia-band taperWd gyro-TWT at NRLI have demonstrated high power (-5

kW), millimeter wave amplification with an instantaneous badwidth > 30%. It was found that gain in the single stage
amplifier was limited by reflection-type oscillations caused by the rf mismatch in the vacuum window. Separation of the
input section from the output section will stabilize such oscillations.

A two-stage Ka-band gyrc-TWT has been assembled and experiments are currently underway. Preliminary
experimental rsults show that there is some beam interception in the multihole directional coupler due to insuflciem
magnetic compression of the small orbit beam (33 kV, 1 A) produced by the MIG. An improved input couplkr is designed
for better beam clearance aid wider coupling bandwidth. A 3-D electromagnetic code (HFSS)2 predicts a coupling value of
-0.4 dB and a bandwidth of 60 % (22 GHz- 40 GHz).

Numerical results obtained from a slow-time scale non-linear code3 predict a two-stage gain of - 30 dB. an electronic
efficiency of 20 - 30 %, and an instantaneous bandwidth of 10 - 15 % for Avz/vz = 2 %. In contrast to the single-stage gyro-
TWT, the bandwidth is expected to be very sensitive to axial velocity spread.

RIDGED SLOW WAVE CYCLOTRON AMPLIFIER
A dielectric laded rectangular waveguide can provide a constant group velocity over a wide frequency range. Figure

I shows a cross-section view of the ridged circuit loaded with two dielectric slabs. A high quality axis-encircling bean 4 (60
kV, 5 A. a = I) couples with the slow wave. The dielectric height is less than that in the beam tunnel to insure that the
fundamental beam line does em intersect any undesired higher order hybnd modes in the operating frequency rmge. The ridged
circuit has some advantages over a regular rectangular shape. First, the dielectric slabs can be protected from beam
interception. Secondly, the peak electric field is shifted from inside the dielectric to near the ridges in the beam tunnel. Thus
the interaction coupling is expected to be improved.

Large signal calculations of the two-stage ridged SWCA pmrdict a saturated efficiency of - 17 %, a gain of - 28 dB,
andan instantaneous bandwidth of- 20 % (29 - 36 GHz) for input power= 150W. B = 7kG, and Avzvz -= 2 %. The suts

from the slow time-scale non-linear code agree with MAGIC5 simulations for a cold beam.
A broadband rf window has been designed by the use of the HFSS code. It consists of three sections of 1/4

wavelength BeO. As shown in Figure 2, the return loss is better than - 15 dB in the frequency range of 23.5 - 37.2 GHz
(bandwidth = 46 %).

FREQUENCY MULTIPLIED HARMONIC GYRO-TWT AMPLIFIER
The operation of a "frequency multiplier broadband harmonic gyro-TWT amplifier configuration is also under

investigation. Figure 3 depicts the schematic of the amplifier, and the axial pro'fles of the non-linear tapered magnetic field (9
- 13 kG) and the circuit cutoff frequency. A Ka-band frequency drive signal is injected in the tapeed fundamental input section
to modulate the axis-encircng beam (50 kV, 2 A), as in the two-stage tapered gyro-TWT. However. in the tapered output
section, the waveguide width is designed so that the waveguide mode is in phase synchronism with the third harmonic beam
cyclotron mode. As a result, amplified radiation in the tapered output section is extracted at frequencies increased by the
hannmonic number. The operating waveguide mode is the lowest order mode, TEl0, in both the input and output sections of
the amplifier.

*SAIC, McLean, VA 22102
1Omega-P. Inc., New Haven, CT 06520
IB-K Systems, Inc., Rockvill, MD 20850



A self-consistent. slow-urne scale non-hinea code has been used to simulat the amplifier perfanmance. Tim
calculated efficiency and output power are dhown in Figure 4 as a function of frequency for various axial velocity spreml of
the elcim beam The elfiienrcy drops slowly as the beam velocity sprea increse hut the insnatmimem bandwidthi skrimk
more rapidly. Simuflations also show that the ampliie operation is insensitive to the guiding center spread. At AvIVz 2
%. the safmaed efficiency ad gain awe - 12 % and - 30 dB. The biadwidtb is predictd to be - 10 % with outpEfuqt hmcy
in the rnge of 90 -I100GH A drive signal of - 10OWin the 30 -33 G~zfreqm rnymgeisufent mto samm th
output powe= in the frequency tuatge of190 - 100 GHz.

CONCLUSION
ExperimP'ents an the Ka-baid twovsage opmed gyfo-TWr anpilfir ame underway with die inpmued input dutculmal

coupler. lb ridged SWCA has been designed to conduct Ka-bmnd experimments operating at a low magnetic fRed& Tie
frequency multiplied, bartmmii gyro-TWF has been investigated to produce W-bud radiation with - 101I instanitaeous
bandwidth. Ofth the SWCA and ft he atmic gytu-TWT require an axis-encircling beam with low velocity spread.
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DESIGN OF A 50 kW. BROAD Ka-BAND SLOW WAVE CYCLOTRON AMPLIFIER

J. J. Choi*. C. M. Armstrong, A. K. Ganguly, and M. L. Barsanti

Naval Research Laboratory, Vacuum Electronics Branch. Washington, D.C. 20375

ABSTRACT

A two-stage slow wave cyclotron amplifier is investigated to demonstrate a high power,

stable, and broad Ka-band radiation source, operating at a low beam power (- 60 kV, - 5

amps) and a low magnetic field ( - 7 kG). A linear theory predicts that the second

harmonic gyro-BWO is competing in the amplifier and can be stabilized by inserting a sever

in the interaction circuit. A slow-time-scale non-linear code, with a sever included, predicts

a saturated gain of 24 - 28 dB, an efficiency of 15 - 17 %, and an instantaneous bandwidth

of 15 - 20 % at a beam axial velocity spread of 2 %. A broadband rf coupler and a mode

converter are designed by the use of a 3-D electromagnetic, finite element code. Measured

rf characteristics are in good agreement with predictions.

*SAIC, McLean, VA 22102
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I. INTRODUCTION

Increasing demands on broadband radiation sources in millimeter and submillimeger

wavelengths for applications such as high resolution radar/communicationsI make gyrocmo

devices attractive because of their high power handling capability. The Vacuum Electronics

Branch at NRL is making continuing efforts in the development of stable, broad

(bandwidth > 20 %) Ka-band gyro-amplifiers operating at a low beam power (< 100 kV, <

5 amps). One of the recent gyro-amplifier experiments is a tapered single-stage gyro-TWr

amplifier2 . It has Oemonstrated a saturated power of 5 kW and an instantaneous bandwidth

> 30% in the Ka-band frequency range. As in usual single-stage amplifiers without severs,

however, the gain was limited by the traveling wave mismatch between the RF amplifying

circuit and the vacuum window. A two-stage tapered gyro-TWT 3 reduces sensitivity on

the wave mismatch and enhances the amplifier gain without gain fluctuation with

frequency.

Gyro-devices such as tapered gyro-TWT amplifiers are operated at a very high

external magnetic field, e.g., 9 - 14 kG to produce Ka-band radiation. Harmonic

operations in gyro-peniotrons 4 and gyro-TWTs with a vane structure 5 are proposed to

overcome such a high magnetic field requirement. Another concept on a millimeter wave

gyro-device operating at a low magnetic field is a dielectric loaded slow wave cyclotron

amplifier (SWCA). The beam-wave instability in the SWCA (called Weibel instability6 )

takes place when the gyrating beam is in resonance in phase with a slow waveguide mode

and an axial bunching due to a .L. x B force dominates where V± is a beam perpendicular

momentum and B is a rf magnetic field. It is shown that the Weibel instability competes

with a cyclotron resonance maser instability: azimuthal bunching dominates in a fast wave

region and axial bunching dominates in a slow wave region7 . One advantage of the SWCA

over the harmonic gyro-devices is that a SWCA interaction range can be designed to be

broadband because a constant wave group velocity is maintained over a wide frequency

range when the waveguide is loaded such that the wave group velocity is close to the beam



axial velocity in the slow wave region (Vph < C). In addition, a fundamental cyclotron

mode can couple to the lowest waveguide mode, thus less mode competition is expected.

Linear theories on the dielectric loaded slow wave cyclotron amplifier were reported

for both a rectangular waveguide 8 and a circular waveguide 9 in early 1980s. The

experiment at Yale proved the principle of the slow wave cyclotron interaction in a higher

order mode, TE01 circular waveguide mode 10. However, the interaction circuit was not

optimized due to the lack of a large signal non-linear theory of the beam-wave interaction.

Further, the bandwidth of the amplifier was not as wide as expected, probably due to low

beam quality with large axial velocity spread and mode competition with other hybrid

modes and backward wave oscillations. No other experimental result on the SWCA was

published.

Recently, a slow-time-scale non-linear code I has been developed for the SWCA.

The present paper describes, by the use of the non-linear code, detailed design studies on a

two-stage SWCA with a sever to demonstrate a stable, broadband millimeter wave gyro-

amplifier with high gain. Amplifier stability in the second harmonic gyro-BWO was

examined from a linear theory. To demonstrate the wide bandwidth of the amplfier, a rf

input coupler was designed for a high directivity and a high coupling value over a

broadband frequency range. A compact multi-hole directional coupler has been

constructed. based on a Chebyschev coupling theory 12 and a Bethe's coupling theory 13 .

Cold-test measurements show good agreement with theoretical predictions and simulation

results from a 3-D electromagnetic, finite element code (HFSS 14).

II. DISPERSION CHARACTERISTICS

A proposed experimental configuration is shown in Figure 1. Since the Larnor

radius of a gyrating beam is larger at smaller magnetic field, an axis-encircling beam is used

to couple the lowest mode of a dielectric lined rectangular circuiL A high quality axis-

encircling beam is produced from a triple-pole-piece center-posted gun1 5 . A ratio of



perpendicular velocity to parallel velocity. a = v±./vjj, is externally controlled by a bias

voltage applied to two electrodes placed directly after the cathode and magnetic fields in the

pole piece region. As shown in Figure 1. two dielectric slabs line the narrow walls in the

circuit. Transtar16 (A1203 (99.9 %). relative dielectric constant (Edr) = 10.1) was chosen

because of low loss tangent (_10-4) and high dielectric strength (-190 kV/cm). Wave

dispersion characteristics of a dielectric lined rectangular waveguide are generally described

by LSE (longitudinal section electric) and LSM (longitudinal section magnetic) modes 17 .

LSEx (Ex = 0) and LSMx (Hx = 0) modes are often refered as TEx and TMx modes

respectively where electric fields for LSEx and magnetic fields for LSMx can be either

symmetric or asymmetric with respect to x = 0 plane. Using the boundary conditions of
E0 = d -0 on conducLor and E° E= H0 =H=Hd

£0E~orTJ = Ed Ed , 0 on vacuum-dielectric interface where 0 and d

denote vacuum and dielectric regions respectively, one can get dispersion relations as

knm tan kind - k~n cot k~nw = 0

knmcotknmd + kncotk'nnmw = 0 Equ. I

for even symmetry TExnm. odd symmetry TExnm modes, and

E*rkun tanknmd + kin tan knmw = 0

Erkwncot knmd - knn Lan k'nmw = 0 Equ. 2

for even symmetry TMxnm. odd symmetry TMxnm modes respectively. Here, knm is
((27rf/c) 2 -(mn/Ly) 2 -kj; 2 )1/2, knm' is (Er(27rf/c) 2 -(m•r/Ly) 2 -kti 2 )1/2, kil is an axial

propagation constant. Er = jE/-O, d is the distance from center to dielectric, w is dielectric

thickness, and Ly is height. The subscript n is the n-th root of the dispersion relations.



The lowest mode, TEx 10-even, was chosen as an operating mode. The only non-zero

electric field of the TEx 10-even mode is an Ey-component, given by

E 0 = cosk x

Edy A Jk i COsknmd knm(LxX)E0 sin knmw Equ. 3

where Lx = d + w and Am is constant. As shown in Figure 2. it is interesting to note that a

peak electric field of the TExl0-even mode shifts into a dielectric region as frequency

increases. This is different from the case of an empty metallic waveguide in which a

transverse electric field profile is independent of frequency. It indicates that a beam-wave

coupling strength in the slow wave structure is weak in a high frequency region, as will be

also shown in non-linear simulations later.

The slow waveguide mode becomes unstable when in phase synchronism with a

beam cyclotron mode, given by

0) = sQc + kuf39c Equ. 4
Y0

where s is a harmonic number. ao/- is a relativistic cyclotron frequency and Oil is a beam

axial velocity. Uncoupled dispersion relations of a fundamental beam mode and six lowest

waveguide modes in a regular rectangular dielectric lined circuit are calculated using Equ. I

and Equ. 2 and plotted in Figure 3. It is also shown that HFSS simulations on dispersion

relations are in good agreement with the calculation. Note that the TMx I I mode intersect

with the designed TEx 10-even mode at - 33 GHz. An irregular circuit, as the cross-section

view is shown in Figure 1. is designed so that the fundamental beam mode does not

intersect with any undesired TMx modes in band. The dielectric height is less than the

beam tunnel and tapered down by 50 to raise cutoff frequencies of the TMx modes without



affecting the TEx modes. Waveguide dispersion curves of the irregular circuit obtained

from the HFSS code are presented in Figure 4.

An experimental verification was performed by the use of a HP 8510B network

analyzer to check the validity of the code results on the dispersion characteristics. A rf

signal couples in and out from an enclosed cavity by means of two small coupling holes to

avoid perturbation of the resonant peaks. As shown in Figure 4, measured resonant

frequencies of the TExlOp-even modes (axial mode index, p = 1. 2, 3, and 4) are in good

agreement with the prediction. This measurement also provides a measured value of the

dielectric constant of Transtar. Er = 10. 1.

Ill. STABILITY ANALYSIS AND CIRCUIT DESIGN

A self-consistent slow-time-scale non-linear code' I has been used to simulate the

performance of a single stage SWCA. In this formulation. the electromagnetic field is

expanded as a superposition of unperturbed TE modes of an empty waveguide. Maxwell's

equations are averaged over a wave period, allowing a series of slow-time-scale equations

to be derived for the evolution of the amplitude and phase of each TE mode as driven by an

electron beam in an external guide magnetic field. In general. the guide magnetic field is

axisymmetric but nonuniform. The modes are coupled through their mutual nonlinear

interaction with the ensemble of beam electrons. The wave-period averaging allows multi-

mode interactions to be considered provided the frequencies are integral multiples of a

fundamental frequency, and provided the time average is done over the fundamental wave

period. In this case. the particles that enter the interaction region at times separated by

integral multiples of the fundamental wave period will execute identical trajectories even

though they interact with many modes. The time-averaged field equations are integrated

simultaneously with the three dimensional Lorentz force equations that determine the

particle orbits. No averaging is done for the orbit equations. The trajectory of each particle

is calculated by summing contributions from each mode. The non-linear equations for



gyrotron traveling wave amplifiers including the effects of guiding center motion and axial

velocity spread. The theory can be easily extended to include a nonuniform guide magnetic

field. In the simulation, all other modes except a TEx 10-even mode are assumed to be

absent and ohmic loss of a dielectric material is ignored.

Since the peak RF field is located in the dielectric in the slow wave region, the beam

should be propagated close to the dielectric surface for high efficiency. However, in

practice, a beam radius (or, a Larmor radius in a axis-encircling beam) can not be more than

0.9 d because of difficulties in aligning a beam axis to a magnetic field axis and in having a

straight field axis. In the present design, a 30 mil clearance between a beam and a

dielectric surface is chosen. To compensate the weak interaction due to such a large

clearance for beam propagation, a longer interaction length or a higher input power would

be required for saturation. Increasing the input power for saturation is limited by the

threshold breakdown power of a dielectric and power handling capability of waveguide.

Figure 5 shows the difference of saturation lengths between the case of a 30 mil clearance

and 15 mil clearance where a beam axial velocity spread, AvllVvll = 2 % is assumed for both

cases. The interaction length for the case of 30 mil clearance is about 30 % longer,

compared with the case of i5 mil clearance. Note that the saturated efficiencies are about

the same for the two cases. Figure 6 illustrates a large signal efficiency versus axial length

for AVll/vII = 0 %, 2 %, and 4 %. The efficiency is very sensitive to the velocity spreads.

This is because the SWCA interaction takes place in the large value of propagation

constant, kll. An interaction circuit length, Lz = 27 cm, is determined where a maximum

efficiency occurs at Avjlvvj = 2 %.

As seen in the dispersion relation in Figure 4, a possible oscillation in the second

harmonic TEx iO-odd mode exists in such a long single-stage SWCA circuit. A universal

equation for a gyro-BWO threshold condition is derived in other literature1 8 . A BWO

threshold current or length is predicted by solving



3 2A/3 "xS
-1 ) -exp(j8 ) 5

* 8k-AI/3

where A is a detuning parameter. A = k,+ ( - sQc /y)/, and L. is an interaction

length normalized by Lx. The three 8ki values are roots of a cubic equation,

k(Sk _ A) 2 +F3 = 0 Equ. 6

where the coupling constant, e, is related to all beam and circuit parameters. A general

solution of Equ. 5 is gEz = 1.9733 where g is related to e through

2 g3  E(kmLx) 4  Equ.7

S L•2kuL.

A linear theory8 of the slow wave cyclotron interaction predicts a coupling constant of

elh L i )12
E = 8ECom~c3 _V"111Ly + JO(2kCrO){JtS(kcrL)} Equ. 8

A, mEc-()

where 4ncemoc 3 /e = 17.1 kA. Ly is a circuit height. ro is a beam radius, rL is a beam

Larmor radius. A dimensionless quantity, e, for odd-symmetry modes such as a TExn)-

odd mode is given as

d (, sin2kdnd E w k 2 cos2 krnd sin2k'rmw6=-il-~ ~ mc~ I -P'- -' -I1-I* d-w1,~ 2knmd ) £0 d+wk'2cos 2k'W, 2k'w )

Equ. 9



For even-symmetry modes. sin2knmd is replaced with -sin2knmd and cos2 knmd with

sin 2 knmd. From Equ. 7 and Equ. 8. a threshold current of gyro-BWO in the second

harmonic TExiO-odd mode interaction is derived as

jib = 3  kjL 9g3e 1 Equ. IO
e 2 (kP L) [I + JO(2kr )Js(kwrL)

where a cold beam is assumed. Figure 7 illustrates threshold currents versus interaction

circuit length for a = 0.6.0.8, and 1. Since a single-stage circuit with an interaction length

of 27 cm is predicted to excite the second harmonic gyro-BWO, a two-stage circuit with a

sever is employed for stable operation of the amplifier at high gain. A circuit length of each

section is determined to be shorter than the threshold length corresponding to the operating

beam current of 5 amps.

The slow-time-scale non-linear code used for examining the single stage SWCA has

been modified to design a two-stage circuit with a sever. In the code, rf electric fields are

set at zero in the sever region. Since a saturation length or power depends on an input

frequency, all the following simulations were optimized at a frequency of 30.4 GHz.

Figure 8 shows gain and efficiency versus input rf power where Avil/vil = 2 %k, input

section = 13.6 cm. sever = 1.5 cm, and output section = 14.1 cm. Saturation occurs at the

input power of 200 watts. The dependence of electronic efficiency on a sever length is

depicted in Figure 9. A sever length of I - 2.5 cm is determined to be an optimum length.

As shown in Figure 10. large signal simulations of the two-stage SWCA predict an

efficiency of - i5 %. gain of - 24 dB, and an instantaneous bandwidth of - 15 % where

AvlVvll = 2 %. Table I summarizes the design parameters of the two-stage SWCA.

A 2-1/2-D particle-in-cell (PIC) code, MAGIC19 simulation with a cold beam is

performed to compare with the large signal results from the slow-time-scale non-linear

code. The PIC code includes a fast-time-scale phenomena and space charge effects which



are assumed to be negligible in the non-linear code. MAGIC is capable of modeling and

simulating the SWCA circuit because both the axis-encircling beam and the Ey-component

of TEx10 modes are symmetric along y-axis. A sever is modeled with two lossy dielecrics

lined on the side wails which resistivity changes gradually along axis so that a return loss is

negligible. A TEx IO-even mode with frequency = 30.4 GHz and input power = 147 W is

launched at the beam entrance. As shown in the MAGIC output plots in Figure 11. an

injected ff field keeps growing in the input section until it encounters the sever in which rf

power is attenuated by - 23 dB. A bunched electron beam passes through the sever and

gives up its kinetic energy to a if energy in the output section until saturation. Rf growth

becomes saturated at - 26 cm, which is in good agreement with a saturation length of 26.3

cm predicted from the non-linear code. Energy re-aborption to the electron beam after

saturation is seen as well. This is because, as mentioned early, the circuit length for

saturation is optimized at Avl/Vll = 2 %. Both a frequency spectrum and a transverse mode

pattern confirm a single TEx 10-even mode at 30.4 GHz. An amplified if power is obtained

by calculating a slope in Figure I I(b), which is an energy gained from if to an electron

beam divided by a time period. The calculated gain of 25.6 dB agrees with 26 dB obtained

from the non-linear simulation. The small discrepancy could be due to the difference in

modeling the sever: in the non-linear code, the whole sever region assumes zero field

whereas, in the MAGIC, rf attenuates gradually as in an actual tapered sever. No gyro-

BWOs were excited as expected. More MAGIC simulations with different input powers

are presented in Figure 12, showing good agreements between the particle-in-cell code and

the slow-time-scale non-linear code.

When a high energenic electron beam is intercepted in the circuit, an rf amplification

would no longer last because a temperture rise in the dielectric changes the dielectric

properties. Another source of a temperature rise is in a finite loss tangent of Transtar.

Power dissipation is written as



Pdsp = !oxr•Otan6jvlEI2dv Equ. 1!
20

where tan8 is loss tangent, E is given in Equ. 3, and integration is over dielectric volume.

For loss tangent of 1O04. the ratio of a dissipated power in the dielectric power to a total

power in the circuit is calculated to be -23 dB, which is significant in the operation with a

high duty cycle. The sensitivity of the amplifier performance on the change of a dielectric

constant was examined. As shown in Figure 13, an efficiency and bandwidth of the

amplifier drop by half when the dielectric constant is changed by - 2 %. A cold-test has

been performed to observe a dielectric constant change as a function of temperature by

measuring cavity resonant frequencies of a TEx 104-even mode. A thermal expansion of the

cavity metal enclosure and the dielectric was taken into account in calculating a dielectric

constant. As shown in Figure 14, the dielectric constant of 10.08 at room temperature

changes to 10.23 at 200 OC, which was observed similarly in other dielectric materials20 .

Therefore, temper'-ture rise should be monitored during experiments, and circuit cooling

may have to be applied.

In order to drain the space charge off in case of electron beam bombarment, a

conducting material should be applied on the dielectric. Arrays of thin wires on the

dielectric surface perpendicular to the electric field direction would cure the charge buildup

problem. However, HFSS simulations predict that hybrid modes become very dense near

the operating mode, resulting in undesired mode competition. A thin conducting film

which thickness is much less than a skin depth is sputtered on the dielectric surface to drain

the space charge off.

IV. RIDGED SLOW WAVE CIRCUIT

A ridged irregular circuit, as shown in Figure 15(a). is proposed. It consists of two

dielectrics lined on the narrow walls and four metal ridges next to dielectrics. Dielectric



height is less than beam tunnel as before, so that TMx modes can not be supported in the

circuit in the operating frequency range. One of the major advantages is that the. metal

ridges prevent electron beam bombarment on dielectrics. Therefore, one can design the

circuit of shorter length and tighter clearance between beam and dielectric. In addition,

beam-wave coupling in the ridged circuit is expected to be stronger than the circuit without

ridges because a peak electric field shifts from inside dielectric to near ridges. Electric field

distributions for the cases of a regular curcuit and a ridged circuit are shown in Figure

15(b). With a 20 mil clearance, the large signal non-linear simulations are performed

assuming a regular circuit. It predicts an efficiency of 17 %, a gain of 28 dB, and an

instantaneous bandwidth of 20 % (29 - 36 GHz) where input section = 9.3 cm, output

c:tiun = 13. 9 im, -ever = 1.2 cm, input power = 90 W, and Avl/Vjj = 2 %. A dispersion

curve of a TExiO mode in the ridged circuit is not significantly affected by the ridges and

the irregular dielectric shaping. Even broader band operation than the predicted bandwidth

(> 20 %) may be possible because a constant group velocity of the TEx 10-even mode

extends to the high frequency regime. A drawback of the ridged circuit would be rf

breakdown across the ridges and thus it is not suitable for extremely high power

applications. However, HFSS simulation predicts that the peak electric field around the

ridges are - 30 kV/cm for rf power of 50 kW. which is less than the breakdown threshold

field in vacuum (- 1(K) kV/km).

V. BROADBAND RF COUPLER

A rf coupler in the SWCA should have a broadband coupling characteristic. A

direct side wall coupling on the dielectric lined circuit by a multi-hole directional coupler

was considered, in which scheme undesired oscillations in the coupling region may be

avoided if a length can be designed to be short. However, since a coupling hole spacing is

a quarter-wa,'elength and becomes shorter by a factor of (Er) 1 /2 than a regular metallic

waveguide, a number of small holes are required to have a high coupling value. As a

i0 i i . •. .



result, a total longitudinal length may become longer than a circuit length. In the present

design, as shown in Figure 1. an input rf power is coupled into the dielectric lined circuit

by two steps; (i) the rf signal from a frequency synthesizer is coupled through a broadwall

multihole directional coupler in rectangular Ka-band waveguides, and (ii) the fast wave in

the Ka-band waveguide converts into a slow wave in the circuit. The amplified rf in the

output section can be coupled out either directly through the mode converter to a Ka-band

waveguide, or through a directional coupler so that beam is separated from rf. Both a

directional coupler and a mode converter are designed so that the maximum rf power can be

transferred into the desired mode in the circuit, TEx I 0-even mode. Further, a return loss

on each component has to be designed to meet the amplifier stability condition, G > L +

Rin + Rout, where G is an amplifier gain, L is a circuit ohmic loss. Rin is a reflection in the

input end and Rout is a reflection in the output end.

A compact (- 6 cm long) input directional coupler was designed for high forward

coupling strength and Aide bandwidth ii a Ka-band frequency range, based on the 8

element/4 array Chebyshev theory and the Bethe's coupling theory. Consider a wave

incident on port I as shown in Figure 16(a). In general, for a n-hole distribution, a

backward coupling amplitude seen on port 3 is given by

n
Aback = ra- -2j(i-DO Equ. 12

i=1

where 0 is a phase difference between two adjacent holes and ai is a coupling amplitude of

a i-th hole. For a 8-hole distribution (n = 8), a backward coupling amplitude is written as

IAbackl= 2{a 1T7(cosO) + a2Ts(cosO) + a3T3(coso) + a4 T1(cos¢)} Equ. 13

where the 8 holes are assumed to be symmetric, or lail = la9-il, and a property of a

Chebyschev polynomial function, Tn(cOsO) = cosno, is used. In order to have a

S



Chebyschev equal ripple directivity over a given frequency band, Equ. 13 is required to be

equal to AoTn-.(cosi/cos* 0 ) where AO is a maximum amplitude of a backward

coupling. From this equality, a Chebyschev taper of coupling amplitude is derived in Ierms

of coSO.

Superposition of Chebyschev arrays yields a high coupling strength and broad

bandwidth in a limited coupling area. The unknown parameter. 00& is determined from the

condition of equal coupling strength of a uniform hole array. A distribution of 8 elements

and a superposition of 4 arrays are illustrated in Figure 16(b). To have equal coupling

amplitude in the uniform region, it requires aI + a4 = a2 + a3. This determines the *-

value. Note that the quantity. (a I + a4), represents a coupling amplitude per hole in the

uniform hole region. Since, in a rectangular waveguide, two rows of a longitudinal multi-

hole coupling array can be placed, a total coupling amplitude is 32 times (al + a4). For

instance, a forward coupling of 0 dB requires a coupling per hole of -30.1 dB for 32

identical holes.

With a total coupling value given, a hole size and a hole location are determined

from the Bethe's small hole coupling theory. For two identical rectangular waveguides, a

coupling amplitude through a single hole is given by

Acou~plin=i3  I X (9 - (-L)' sin 2LLab6R 2\ X .2La La+ La \ 2La

Equ. 14

where Xg is a guided wavelength given as c/[f(l-(fco/f) 2 )l/ 2 ], R is a radius of a circular

coupling hole, ý is the distance from waveguide side wall to center of hole, and La and Lb

are waveguide width and height respectively. The upper (lower) sign denotes forward

(backward) coupling amplitude. Since the Bethe's theory was developed with the

assumption of coupling through a smalh hole which thickness is negligible, a correction for



a large area of the coupling aperture is necessary for a better estimation of the required

coupling strength. The thickness of the coupling wall makes significant effects on the

coupling strength because of the exponential attenuation of rf in the coupling wall given

by2 1

A thik = exp 2 tC
SEqu. 15

where t is a coupling wall thickness and fCo is a cutoff frequency in a rectangular

waveguide. A coupling amplitude correction due to the resonance effect 2 1 in the hole

given by

1Areson

Equ. 16

should be also considered, where fco is the cutoff frequency of a fundamental mode in a

circular coupling hole. The effective coupling amplitude is the sum of all three, or •

Aeff = Acoupling + Athick + Areson Equ. 17

In Figure 17. a coupling strength of each circular hole, Aeff, is plotted as a function of a

hole location, ý, for various hole radii where frequency is a mid-frequency, 32.9 GHz.

There are several choices of hole radius to meet the required coupling strength of each hole 0

of -30.1 dB. In order to examine coupling flattness over frequency, Aeff versus frequency

for various hole radii is plotted in Figure 18. Note that coupling of each hole becomes

weaker as frequency is away from the cutoff frequency. Since the multi-hole directional S



coupler is designed for a broad bandwidth with minimum ripples in band, a hole radius is

determined at 2R/La = 0.368 or R = 0.131 cm. Other tapered hole radii are determined

similarly from the Chebyschev taper of the coupling amplitude, discussed early. It is

interesting to note that coupling strength of each hole

A minimum directivity (where a directivity in dB unit is defined as D = 20

log(Afwd/Aback)) is estimated from

Dmin = 20logTn-l(osI
COS OO Equ. 18

where a forward coupling amplitude is IAfwdl= AOTn_.(l / cos%0 ) and -l < Tn.1 < 1 is

used. A hole spacing is determined from .g/4 where frequency is a center frequency of

minimum and maximum frequency obtained from the inequality. And, a coupling

bandwidth (minimum and maximum frequency) is obtained through

052- < n _ 400 Equ. 19

where I is a hole spacing. Table 2 summarizes design parameters of a multi-hole

directional coupler.

To compare the coupling theory and the finite element code, HFSS, the coupler was

simulated where rectangular holes with rounded comers are used instead of circular holes

in order to increase the coupling strength. Simulation results, as shown in Table 3, are in

good agreement with the coupling theories. Based on the designed parameters, a

directional coupler was fabricated using electrical discharge machining. Figure 19 shows a

forward coupling measurement obtained from a HP 8510B network analyzer.

Measurements show a coupling value of -0.4 dB over 22.7 to > 40 GHz (BW 2t 60 %),

minimum directivity of 40 dB. and return loss of < -25 dB, which are in good agreement of



the predictions. Note that the coupling flatness covers the whole Ka-band frequency

range. It was also observed in the HFSS simulation as well as the coupling theor . that,

by reducing the coupling wall thickness from 10 mil to 5 mil, a more compact t 4 cm

long) coupler wi Eh a hole distribution of 8 elements and 3 arrays can be designed Ih the

coupling strength and flatness as good as the present coupler.

The waveguide mode coupled through the directional coupler is a TEI{c an wave.

In order to convert the TEl0 fast wave mode to the operating TEx10-even mode, a mode

converter is necessary between the directional coupler and the circuit. The mode convener

has two symmetric dielectric slabs which facilitates the propagation of the TExl0-even

mode. The converter employs two tapered sections; (1) a linear taper of two dielectrics in

the uniform Ka-band waveguide where a fast wave TE10 mode converts into a slow wave

TEx 10-even mode, and (2) both tapered dielectrics and surrounding metallic waveguide to

match with the smaller circuit dimension. HFSS simulations predict pure mode conversion

(coupling value - - 0.02 dB) and low return loss (- - 30 dB) in the frequency range of 22 -

36 GHz. Figure 20 illustrates the difference in the mode conversion efficiency between

two mode converters with an irregular dielectric shaping and a regular dielectric with

square-corners lined in the rectangular waveguide. Note that, for the mode converter with

a regular dielectric shaping, there is a mode conversion to a TMx I I-even mode at - 33

GHz where the TMxl I-even mode has the same phase velocity with the TEx 10-even mode

(as seen in Figure 3). Since the dielectric mode convertor is designed such that only

TExi0-even mode in the dielectric loaded circuit can couple with the TEl 0 mode in the

standard Ka-band waveguide, all other hybrid modes which might be excited from beam

instability would be completely trapped in the circuit. This is another reason tha- a sever is

inevitable in the circuit.

VI. CONCLUSIONS

. 0



A design study on the two-stage SWCA has been performed to conduct

experiments on broadband millimeter wave generation at a low magnetic field. A high

quality axis-encircling beam with low velocity spread is incorporated in the dielectric lined

slow wave circuit. To stabilize a gyro-BWO in the second harmonic TExl0-odd mode

predicted by a linear theory, a two-stage circuit with a sever is designed. Slow-time-scale

non-linear simulations of the two-stage SWCA with a 30 mil clearance predict an efficiency

of - 15 % , gain of - 24 dB (saturated output power - 50 kW), and an instantaneous

bandwidth of - 15 % at input power = 200 W and Avl/vll = 2 %.

A compact multi-hole directional coupler with high coupling strength over a wide

frequency range was designed and fabricated to inject RF power in the input section.

Measurements show a coupling value of - 0.4 dB over a 60 % bandwidth (22.7 to > 40

GHz) and a minimum directivity of 45 dB, which is in good agreement with both

theoretical predictions and HFSS simulations. The HFSS-code was utilized to design a

mode converter to couple a fast wave injected from the directional coupler into the slow

wave in the circuit. Simulations show pure mode conversion (coupling value - - 0.02 dB)

and low return loss (- - 30 dB) in the frequency range of 22 - 37 GHz. One of the main

difficultes in the SWCA experiment will be beam propagation through the circuit.

A ridged slow wave circuit is predicted to be more practical because there is less

chance of electron beam interception directly on the dielectrics. Since the electric field is

enhanced near the ridges, the coupling strength becomes strong even in the slow wave

interaction region. By increasing electron beam filling percentage in the beam tunnel, one

can design for high gain (- 28 dB) with shorter interaction length. A detailed large signal

performance of the ridged circuit will be investigated in the future.
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FIGURE CAPTIONS

0

Figure 1. Proposed experimental configuration for a two-stage slow wave cyclotron

amplifier. A cross-section of an irregular dielectric lined circuit is also shown.

0

Figure 2. Transverse electric field distribution of TEx I Op-even modes where p is an axial

mode index.

0

Figure 3. Calculated uncoupled dispersion relations of a regular dielectric lined circuit

(TExlo-even, TMxll-even, TMx I l-odd, TExI0-odd, TExIl -even, TExI I-odd in the

order of lowest cutoff frequency). The filled square, open circle, open triangle, filled

triangle, filled circle, and cross denote the dispersion relations of TEx 1O-even, TMxl 1-

even, TMx I I-odd, TEx 10-odd, TEx I I-even, and TEx I I-odd respectively, obtained from

HFSS simulations.

Figure 4. Uncoupled dispersion relations of an irregular dielectric lined circuit, obtained

from HFSS simulations (TEx 0C-even. TEx10-odd, TMxI 1-even, TMxI I-odd modes from

the lowest cutoff mode). Dots are measured cavity resonance frequencies of TEx lop-even

modes where cavity dimensions are d= 0.123 cm, w = 0.097 cm. Ly = 0.246 cm, and Lz

=1cm.

Figure 5. Difference of saturation lengths between the cases of a 30 mil clearance and 15

mil clearance where AviVvji = 2 % for both cases. Optimum design parameters are d =

0.153 cm. w = 0.095 cm, Ly = 0.246 cm, B = 6.81 kG, a = 0.82, and input power for



saturation = 200 W at 1 = 30.4 GHz for the case of 30 mri clearance; and d = 0.123 cm, w

= 0.097 cm, Ly = 0.246 cm. B = 6.86 kG. a = 0.95. and input power = 170 W at f = 32

GHz for the case of 15 mil clearance.

Figure 6. Efficiency of a single-stage SWCA as a function of interaction length for AvlVvil

=0%, 2 %,and4 %.

Figure 7. Threshold currents of the second harmonic TExl0-odd gyro-BWO as a function

of interaction circuit length for ca = 0.6, 0.8, and 1. The operating region for a two-stage

SWCA is shown.

Figure 8. Gain and efficiency of a iwo-stage SWCA versus input rf power where AvvllV =

2%.

Figure 9. Dependence of electronic efficiency on sever length where AVvIvtl = 2 % and

input power = 200 W.

Figure 10. Efficiency and gain of a two-stage SWCA as a function of frequency for AvIVvil

=2 % and input power = 200 W.

Figure 11. Typical MAGIC outputs of a two-stage SWCA simulation: (a) electric field

growth along axial length at t = 4 nsec, (b) energy gained from rf to electron beam versus

time (negative slope corresponds to rf amplification). A TEx 10-even mode with 200 W is

launched at left end and propagates toward right.

Figure 12. Comparison between MAGIC and slow-time-scale non-linear simulations.

Dots are gain obtained from MAGIC simulations.



Figure 13. Se,-itivity of amplifier efficiency on the change of dielectric constant %,here

AvIVvil = 2 % and input power = 200 W.

Figure 14. Measured cavity resonant frequency shifts of a TEx 104-even mode and the

corresponding dielectric constant values as a function of temperture. The frequency,

35.679 GHz, is a measured value at room temperature.

Figure 15. (a) cross-section of a ridged slow wave circuit, (b) electric field profiles of a

regular and ridged circuits.

Figure 16. (a) Model of a multi-hole directional coupler, (b) layout of 8 elements of

coupling holes and superposition scheme of 4 arrays where ai is the i-th coupling amplitude

of 5 different holes.

Figure 17. Coupling strength per hole versus normalized hole location (2;/La) for vamious

hole radii where frequency is 32.9 GHz.

Figure 18. Coupling strength per hole versus frequency for various radii where hole

location is 2CJLa = 0.393.

Figure 19. Measured forward coupling values obtained from a HP 8510B network

analyzer. Dots are the HFSS-simulated coupling values. Frequency sweeps from 20 GHz-

to 40 GHz. Vertical scale is 3 dB/div.

Figure 20. Mode conversion efficiencies obtained from HFSS simulations: (a) an irreular

dielectric lined circuit, a4d (b) a regular dielectric lined circuit.
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Table 1. Summary of two-stage SWCA design parameMtr

0
axis-encircling beam

V~6OkV

1-5A

B - 7kG

a - 0.8

AVz/Vz = 2 %

length of input section = 13.6 cm

length of output section = 14.1 cm

length of sever = 1.5 cm

dielectric thickness = 0.095 cm

circuit width (Lx) = 0.248 cm

circuit height (Ly) = 0.246 cm

dielectric = Transtart (A12 03. 99.9%, Er = 10.1)

input power for saturation = 200 W

saturated output power = 50 kW

large signal gain = 24 ,T

large signal efficiency = 15 %

instantaneous bandwidth = 15 % (2S - 34 GHz)

Table 2. Design parameters of a multi-hole directional coup-le



coupling value = 0 dB

number of holes per row = 20

coupling per hole = 30.1 dB

hole radius = 0.131 cm

hole location from the narrow wall of waveguide = 0.14 cm

hole spacing = 0.297 cm

thickness of coupling wall = 0.025 cm

bandwidth = 24 - 42 GHz

minimum directivity = 45 dB

Table 3. Comparison between theory. simulations and measurements on a multi-hole

directional courtier

coupling value min. directivity 3dB bandwidth

(dB) (dB) (GHz)

theory 0 45.4 24 to 42

HFSS -0.2 43 22 to 42

cold test -0.4 45 22.7 -o > 40
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Diffr~action Effects in Directed Radiation Beam
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Diffraction effects in directed radiation beams
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A number of proposed applications of elecumagetc waves requir that the radiation ber maintain a high

intensity over an appreciable propeation distance. Thes applicaton. include. among others, pomwer bseing,
advanced radar, lasw accelerati o particies. and directed-energ sources. The quest to schime e thes obpeave
bhe led to a resurgnce of research on diffirction theory. We present a survey end critique of the analysis and
eperimental tosw of solutions of the wave equation in connection with sc-call diffactionlee and other directed

Sradiation beamL The euapin dismsed include slectromagnetic missiles. Bend beams, electroma•nme direct-
edenerv pule trains. and electromagnetic bulets.

1. INTRODUCTION AND SUMMARY infinitely wide beam, wo -, the Rayleigh ranp in
there is no diffractiom and the intensity is constant.

Diffraction is a fundamental characteristic of all wave fields, A natural way to propqgate a beam over long distances is
be they photons, electrons, ete. The effect of diffraction is toincesse the Rayleigh rang by employing a wi beam or

Stypically manifested when an obstacle is placed in the path shorte-wavveength radiation. Clearly the width of the
of a beam. on an observation screen some distance away beam is limited by the energy source available for pumpig
from the obstacle, one observes a rather complicated modu- the lUsing medium, and short-wavelength lssers (x m and
lation of the time-average intensity in the vicinity of the beyond) are not currently available. As a result, over the

* boundary separatig the illuminated region from the geo- pet several years there has been an upsur in s on
metrical shadow cast by the obstacle.1' such fundamental topics as propagation and difflruatio

In many applications it would be highly desirable to prop- properties of radiation bealm4-" Briefly, the queodm be-
Spagate a beam over a log distance without an appreciable ing asked is as foflows: "Can diffraction be overcome?"

drop in the intensity. As an example we cite the possibihtY What follows is a summary of our review of difmnatomlss
of accelerating particles to ulahigh energies by utilising and other directed radiation beant
high-power laser beams. Although the accelerwang gradi-
ant in many of thes schemes is extremely large, the actual (1) Elecomgnetic missiles (Section 4): Experiments
distance over which the particle and laser beam maintain indicate the poesibility of generating wave packets with a

0 an appreciable overlap is limited. The overlap is reduced broad frequency specrum. The high-frequency end of the
, because of the diffraction of the laser beam, and as a result spectrum determines the furthest distance the miile can

the net gain in the particle energy is limited propagate, in complete accord with our understanding of
With the use of high-power lasers and microwave sources, diffraction.

diffraction of radiation bems with finite transverse dimen- (2) Bl beam (Section 5): A Bessl beam is a partic-
sion has become a problem of special importance. As an ular monochromatic solution of the wave equation. Bead
example, consider lasr radiation of frequency ws emaasting beams propagate no farther than Gaussian beams or plne

Sfrom a cavity oscillatin in the fundamental transverse waves with thesme transversn dimensions, andcontraryto
Gaussian mode. How far will this beam propagate in a previous assertions, Bessel beams are not resistant to the
turbulence-free atmosphere? More to the point, how fast is diffractive spreading commonly associated with all wave
the falloff in the intensity of this laser beam? propagtion.

The answer to this question is well known.3 The scale (3) ']tomagneticdirected-energy pulse trains (Sec-
* length for the falloff in intensity is given by the Rayleigh tion 6): These are particular, broadband solutions of the

range, defined by wave equation. We show that the experiment and the nu-
* i merical studies of these pulses are consistent with conven-

ZRE rW0
2•, (1) tional diffraction theory, and, contrary to previous auser-

tions, these pulses do not defeat diffraction.
where wo is the minimum spot size, or radius, of the beam, (4) Electromagnetic bullets (Section 7): EMectromag-
and X -21c/w is the wavelength. The minimum spot size wo netic bullets are solutions of the wave equation that m
is also known as the waist of the radiation beam. Thefalloff confined to a finite region of space in the wave zone. The

* of the beam intensity as it propagates in space is a come- ultimate goal of the research has been to determine the
quence of the fact that initially the beam was constrained to source function that leads to a prescribed form for the bullet
a finite waist wo. Diffraction then causes the beam to spread in the wave zone. Although the mathematical framework
in the lateral direction and, from energy coservotion, the for this has been established, no concrete example has ap-
intensity must drop off correspondingly. In the limit of an peered in the literature.

0740-3232/91/060705-13506.00
0
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Sections 2 and 3 begi with a review of basic diffraction expresses a fundamental relation that we shall, make m Q(
theory, and our findings and conclusions an summarized in repeatedly in order to interpret the results of terY M
Section & exeimnan so-called diffractienales radiation h.s

After the completio of our research we becam aware cia
number of related studies. In a review of difrction-free 3. DIFFACTION ZONUM (HUGENS'S
propagation, Godfrey arrived at conclusions similar to ours NnX
regarding electromagnetic missiles Besse bea- and elee-
tromagnetic directed-energy pulse trains.39 Ananev pre- Aowrdin to Huygsns's Principle, each po. an -a Owes
sented a concise and revealing analysis of bessl beams and wave front actsassa source of secondary wave .. 1T OeM
noted that, in order to increase the propagation range, it is at a point P is given by the aum over the rveIs@Wft If UaWr
necesatry to illuminate the truanmitter (aperture) as uni- ezp(-jaet) is the amplitude on an apertur.. . an appg.im -

formly as posslble.40 In Connection With this point, Bare- solution of the scalar wave equation at P is givais byUA
kat's variational analysis of apodization problems in the
context of Fraimhoier diffraction is noteworthy.41  4r,0- OWY exp(-ind) L..d5u(r')rezp"usRc),
2. ELECTROMAGNETC WAVE DIFRACTION weeR [z-x) y-y2+z1 ntedko
Consider the radiation beam from a cavity of radius d. nhe between the area element dff on the aperture and the point
wave vector is given by ikgh, corresponding to Propagation P, as shown in Fig. L
predominantly in the z direction, and the magnitude of the In the Fresnel approximation the bionomisi ezpmmc. of
spread in the wave vector in the transverse direction is de- R may be used to simplify Eq. (5) to
noted by Ak1., with kI >> AA±. 7he angular spread of the
radiation relative to the z axis is O'P cc (iWZ expfira(z/c - 01J

9 Me Ak.Ik.. (2) 4Z [i (6),2+y2 X,+

On an observation screen at a distance z, the radius of the I CZ~
illuminated region is given by For plane waves incident upon an aperture with linear

dimension d, there are two physically interesting limit for
w at d + ft. (3 ap duaing expression (6):

The first term on the right-hand side of this expression
indicates the width of the region illuminated according to (1) Fraunhofer diffraction (far-field or wavoe-ame re-
geometrical optics. Beyond thih region liesthe region of the gion): If
geometrical shadow, and the second term in expression (3) Z)> 2N M 7
indicates the extent to which this region is illuminated be-
cause of diffraction of light. The distance Z over which the one may neglect the quadratic terms in the ezpamsnt of
angular spread leads to a falloff in the intensity is given byv d expression (6), and the wavelets from the e ntire wave front
+- OZ - 2d, or at the aperture contribute to the field at P. In the Fraunsho-

- dID.for region #'p is simply the Fourier tranisform of the ampli-
Z - /O. 411) tude at the diffracting aperture.

The distanc Z may be regarded as the scale length for (2) Freanel diffraction (nwa-field region): In the other
diffractive spreading of the beam. limit,

As a first example, suppose that the transverse distribu- z < d2A, (8
tion of intensity in the beam is uniform. This is the cewe
when plane waves are apertured. If the radius of the aper- it in necessary to retain the quadratic terms in the exponent
twoe is d, from a fundamental result of Fourier analysis,

AA 1~. 7%e angularnspread is therefore given by9 0 cX
2rd, where X at 2rkl is the wavelength. For this intensity
distribution, one thus finds that Elementarv

Zp = 2,rd 2/). (4b) ae s

For the can in which the transverse intensity distribution is
a Gaussian, exp(-r~wfwiA of width wo, we have AhL ex 11w0, /and the angular spread of the beam is of the order of e = X/
2zwo. In this case d -wo, and hence

ZG - 27W0
2A, (4c)

which is twice the Rayleight range ZR defined in Eq. (1). Aetr
Clearly, difrationm is simply the physical manifestation of i

the well-known result of Fourier analysais relating the Fig.L Radia-tiondi'ffractedbyan aperturein an9 Ropaq cren.
spreads in wave-vector space to the corresponding widths in Iliejg bsehe me teem enoarodS'on theaprsad
real space, AhAx, . 1 for i - 1, 2, 3. As a result, Eq. (4a) the point of obseraton P is denoted by R.
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Fig. 4. the energy delivered to a screen S, integrated over all
time, is

e(SR) - dt j dSA -c(E x B)/4,,

whereA• is a unit vector normal to the screen and ad B are
the electric and the magnetic fields, respecvely. For aI source with a bounded frequency spectrum, a scremm offixed
area S, and for sufficiently large R, i(S, R) I- E/R, amording

.I P z to well-known resUits.L

c*cI The curent density for the elecomegnec mi.l de-
apernure of radius d scribed in ReL 14, J(r, t) 0 6(z)f(t)s=, r < d, is coaotsd to a
in ooaQue sceen disk of radius d, where r - (X2 + y2)1/2 is the radialcoordinate

Fig2. I fraction through a circular opening of radius d in an and f(t) is a given function of time. If A(w) and 3(m) dmte
opaque screen. The point of obeervation P lies on the r the Fourier transforms of the vector poteanta and the cur-
axis, rent density, respectively, then A(s) - f d4rJ(w)sp(•i/

S -Fwel OAc)/cR is a solution of the wave equation.'* In the present
" -W Vave zone . case, 3(w) - 64()1(w , and the vector potential on the axis

I of symmetry is given by

A(W) - 2w (0) d dir~rfr + 4z 1/12 ex[ (r2 + 4L

Making use of this expression for A(w), we find that the

*Poynting flux along the z axis integrated over all tirme U(z)=
- dJA z fdtk, • c(E X B)/4r, is given by

• ROWn • Fraunnoter --

Fig. 3. Intensity profile on the axis of symmetry of a circular U - c-1 [1 + z(z 2 + d2)- 112 [" dwV(01)2

aperture of radius d. The point of demarcation between near-field Jo
and far-field regi onss-- e- X (1 -s co o [(Z2 + d 2) V2 _ X11 (10)

of expression (6), and the wavelets from a limited portion of (

the wave front at the aperture make the dominant contribu- Note the resemblance between expression (9) and the inte-
tion to the field at P. In this case the integration in expres- grand of Eq. (10). Expression (9) is for a monochromatic
sion (6) may be taken to be over the entire z = 0 plane. field and is based on the Huygens-Fresnel principle, while

Eq. (10) is obtained from a rigorous solution of the full wave
For plane waves incident upon a circ() ar aperture of radi- equation

sd(Fig.2).makinguseofEq. (5).we find that theexact In the limit z-- in Eq. (10), for a fixed fmquncy w,
field on the axis of symmetry is given by kp a exp(-iwt)- coej(W/C)[(z 2 + d2)1/2 - z]l - cos(wrd/2cz) -" 1, and the
texp(iza/c) - exp[iw(d + Z2)1/c]}, and the intensity I c integrand tends to zero. From Fig. 3, this result mem that
44V is the contribution of this frequency to the expression in Eq.

Ix 1.- Ico [(d2 + z2)"n - 2]/c1. (9) (10) lies in the far-field region and is thusn sglgUe At a

Figure 3 is a schematic plot of the intensity function [expres- given large z we can therefore write

sion (9)] indicating in particular the transition between the
Fresnel and the Fraunhofer regions. Note that the intensity Region ,
drops off precipitously beyond z = 2rd2/, consistent with
the scale length defined by expression (4b).

We proceed now to examine the research on new solutions
of the wave equation, with particular emphasis on their Ppo4e 0

*diffraction properties. Screen
S

4. ELECTROMAGNETIC MISSILES

A. Theory R n
Consider first the case of a field, termed a missile, that falls
off more slowly than the usual 11R law. The inventive step
is the use of a broad frequency spectrum. Depending on the Fig. 4. Bounded regon A inside which there is a d of
spectrum, the falloff with R may be os slow as desired.'" cFirge 4. Bn and crregn J(r. s. The orich oftereiadinasytin 0

To appreciate the nature of this field, note that, for an liinside A. The distance between Oand a point onthe scrmen isR.
arbitrary source distribution within a region A as shown in The unit vector normal to the screen is denoted by A.
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2 I dV(.W)12 '1-_ coe(*id 2/2Cz)j. b ueam' prpgts th oefrequency components diffract
U jc away first.

The generion and transmission of anergy by elewmag-.
Wo see that the moast important contribution is from the netic missiles is severely imiked by the practical mens 0f
high-frequancy end of the spectrum, for which the giren launching wave packets with extremely short rise times and
point z lies in the new-field, Fresnel zone The contrbu, pulse width•.
tioms from all the lower-frpqumcy components will have
decyed to negligibe values before reaching the given z.
While the eventual fal of any frequency component is a S. BESSEL BEAMS
l/z, the faloff of the time-intepated Poynting flux for the
wave packet deends onhow rapidly W(a)i decayp orw > 2cz/ A. Themy
d2. As an example id a source with a frequency spec- An example of a so-called diffractiosdos
tnn14 beam is a Be mel bem. We note that a particular solugion of

J(a) a[l + (4W,9oJ 0•÷'•', the acala wave equation

where e > 0. We note that this spectrumis not an analytic C-2 -t 4(r,t) - 0

function in the upper halfof the plane. The singularity in

the upper half-plane is a reflection of the unrealistic char- is
ter thatf(t) extends over the entire time domain -- < t < w.
For this hypothetical spectrum the time-integrated Poynt- 4 expli(kZ - o•t)
ingflux falls off as U- 1/z42', which can be as slowas desired
by taking the limit e -0 . Consistent with this. the ampli- X d9A(S)expjikh,(cos +ysin#)) (11)
tude varies as zl''2, and the pulse width decreases as 1/z.2
In the time domain the function (t) is symmetric with re-
spect to t - -t. Evaluating the inverse Fourier transorm for arbitrary to and A(M), provided that w2 - c2(kg2 + k .L).

of 1(), one finds that (t) -t(2 3 )14 exp(-avt) fort >> 1/o. Here,kl and h denotethe magnitudes of the compoimnt of
For e > 1/2 and t << 11wo, f(t) - constant. However, for the the wave vectors parallel and orthogonal to the z a, re-
more interesting cue of c < 1/2, f(t) -. te- when t << 1/wo, spectively, and A = 2r/(kn2 + k ±2) 2 is the waV@lzgth.
indicating a singularity initially.16 2 ' Since the z dependence in Eq. (11) is separated frau the z

For a realistic, or practical, frequency distribution the and y dependences, the solution is clearly diffrectonles in
important issue of truncation of the spectrum at a finite thesense thatthe time-average intensity is indepandentofz.
frequency has been addressd by Wu et a. 24 Naturally, it is In fact, the intensity is constant for all z and all t.
found that truncating the spectrum at a frequency /. lim- Durnin considers the cmn in which A(#) - L5  In this
its the maximum propagation range to a distance of the case, if one makes use of the expansion exp(ii" sin 0) -
order of the Rayleigh range corresponding to f.mi. E..(Oexp(iW), where J, is the ordinary Besel funteon of

the first kind of order n,43 Eq. (11) simplifies to * -
L. ExperimentcMissiles) 2rJo(kLr)exp(i(kz - wt)], wherer - (X2 + y2)14 isthe radial
The difficulties involved in an experimental study of electro- variable.
magnetic misiles stem from the need to generate pulses Making use of the properties of the Besel function"aone
with extremely short rise times and suitably shaped wave can show that the energy content, f drrJo2(hkLr), integated
front.' 8 An antenna was used to generate a pure spherical over any transverse period, or lobe, is approximately the
wave, which formed the primary pulse, and the field reflect- same as that in the central lobe. This point will be impor-
ed from a parabolic dish of radius 0.61 m (2 ft) formed the taut in our interpretation of the diffractive properte of
secondary pulse. The pulses were detected by a specially Bessel beams.
designed sensor. The primary pulse was found to fall off as
1102, the energy decaying by 1/16 when the sensor was moved 3. Experiment (Besel Bnems)
from 1.22 m (4 ft) to 4.88 m (16 ft) from the source. This A Bessel beam has an infinite number of lobes and therefore
falloff occurred because the antenna, being a point source, has infinite energy. In the laboratory an approximation to
generated spherical wave fronts. The pulse reflected from this ideal beam is realized by clipping the beam beyond a
the parabolic dish was found to resemble that of a circular certain radius. The question is, given the finite transverse
disk, similar to that studied in Subsection 4.&. Over the size, how well is the diffractionless property preserved.
same distance, the energy in this electromagnetic misaile was To answer this question Durnin et aL.2s compared the
found to decay by just under 1/2. This behavior and the propagation of a clipped Bessel beam with a Gaussian beam
divminishing pulse width have been found to be in accord (See also Ref. 27.) The full width at half-maximum
with analytical predictions. 8  (FWHM) of the Guassian was taken to be equal to the

These experimental results indicate that a suitably tai- FWHM of the central lobe of the Bessel beao. In the
lored pulse shape can be designed to have an energy-decay experiment the on-axis intensity of each beam wao measured
rate essentially limited by the highest frequencies present in along the axis of symmetry. The Bessel beam was daimed=
the pulse generator, in complete accordance with the ele- to be "resistant to the diffractive spreading commonly amo-
mentary notions of diffraction of light. Propagation of a ciated with all wave propagation" since its intensity was
composite pukse in free space is a dispersive process. As the observed to remain approximately constant for a much long-



B. Haft and P. Spranigle VoL & No. SMay 1991/J. Opt SoL. As. A 709

er distance than the Guasian beam. The idea of a diffrac- s. ELECTROMAGNETIC DIRECTEDENUEGY
tion-free beam was further reidorced by using a geometrical PULSE TRAINS
optics argument in order to obtain a formula for the propa-
gation distance of the central lobe of the Bessel beam. A. Theory

We shall now reconsider this comparison. The wave- Electromagnetic directed-energy pulse tramis are particular
length of the radiation was x - 6328 A. For the Gaussian solutions of Maxwell's equations.2-1' Th rVsearch on
beam exp(-r 2/uO), wo was equal to 0.042 mm. correspond- these puise trains resulted from earlier studies oftous wave
ing to a FWHM of 0.07 mm. For the Beseel beam Jo(k.Lr), modeas-53 To discuss these, we make the change of vari-
k . was equal to 41 rmm-, corresponding to a FWHM for the ables = z - ct andr - t and transform the wave equation
central lobe of 0.07 mm The beams were apertured to a (V2 _-2a/&)* _ 0
radius d - 3.5 mz. The following order-of-magnitude dis-
cussion is based on expressions (2)-(4); a more rigorous anal- into the form
ysis is presented in Appendix A. The angular spread due to
the natural width of the Gaussian beam is 0 - X/2vw, and 1Vx 2 +2-•- -- I
expression (3) takes the form w - wo + (AO2wo)z, where the C
first term in this expression is wo, rather than d, since the Making the assumption that
energy of the Gaussian is concentrated in the central peak.
The scale length for diffraction is the same as that given by *m= (•,r,?)exp(I /C) (12)
expression (4c), namely, 4G m 2rwo 2/A - 1.75 cm. The leads to an equation for the complex envelope %. •
natural angular spread of the Bessl beam is 9 • k. .A12r,andexpression(3)takestheformw-d+(k±X/2)z, 

where V( + 2iwS-. +2 r - c- =0.
the first term represents the radius of the aperture since the c er y

energy in each lobe is approximately the same and the lobes
all affect the propagation of the Bosasl beam The scale Here r denotes the radial variable and V± is the differential

length for diffraction is. therefore, given by d + (k./2r)Za operator in the plane z constant. If O, r, r) v s slowly

2d, or Ze = 2rd/k± = 85 cm. which is consistent with the compared with the characteristic Scale 1/ and c/u, the
experimental observation, second derivative of the envelope function may be neglected.

In the transverse plane the lobes of the Beseel beam dif- and the wave equation reduces to
fract away sequentially starting with the outermost one.
The outermost lobe diffracts in a distance of the order of 2 + z -24- -0. (13)

2r2 /A.. 2 , whch is approximately equal to ZG. The next
lobe diffracts away after a distance of the order of 2ZG. This Expression (13) is an extremely useful approximation to the
process continues until the central lobe, which diffracts full-wave equation in a vacuum. Note that the full-wave
away after a distance --NZG, where N denotes the number of operator is of the hyperbolic type, whereas the reduced-wave
lobes within the aperture. In the experiment N e 50, ixr- operator is of the parabolic type. For this reeson, expres-
plying a propagation distance of the order of 50ZG for the sion (13) is sometimes referred to as the parabolic approxi-
central lobe of the Bessel beam, which is consistent with the mation to the wave equation.
measured value. Measurements of the on-axis intensity A particular solution of expression (13) is given by
displayed by Dumin et al. obviously fail to reveal the gradu-
al deterioration ofthe tramverse beam profile. Howeverby 4. - C -expf-i tan-'(r/-R) - (1 - ir/?t)r21/W, (14a)
careful examination of Fig. 2 of Ref. 25, we find that the w

numerical plots are consistent with such having occurred. where C is a constant,
Therefore the Bessel beam is not "resistant to the diffractive
spreading commonly associated with all wave propaga- W w0 [1 + (r/R)2IZ• (14b)
tion." 26 Our interpretation points out the significance of is the spot size, wo is the waist, and
each successive lobe's having approximately the same ener-
gy. The central lobe persists as long as there are off-axis T

R u 0 /2c2  (14c)

lobes compensating for its energy loss, and hence the com- is related to the Rayleigh range ZR - wwo2/2c by yar ZAc.
parison with the narrower Gaussian beam in Ref. 26 is of References 29-33 make use of the variables transforma-
little significance. R-oe

Let us now consider the power-transport efficiency of the
beams.28 We note that, utilizing the full width of the aper- z - ct, 1 = z + ct
ture, a Gaussian beam propagates a distance of the order of
NZ9, i.e. N times farther than the Bessel beam. Conse- in the wave equation in order to reduce it to the form

quently, in terms of diffraction-free propagation distance ,

per unit energy, the two beam profiles are equally efficient. +4 *-0.

However, by appropriately curving the wave front, one can
focus nearly all the power of the Gaussian beam on a target Representing 9 in the form

of dimension wo in a distance Z&. Hence, for this purpose, a - 4(v, r)exp(iau/c) (15)
Gaussian beam would be significantly better than the Bessel
beam employed by Durnin et aL leads, without any approximation, to an equation for .
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T I+ 4i 0 . (16) wher 0anidL we constants. 11(x) is the Heaviside function,

A paticlarsoltio of q. 16)is ive bying the cutoff value hk, Substituting Eq. (20) ido Zqs.
A paticlaroiuionof~q (1)38giW by(19), one obtains

0- C ±-expf-i tafl'(v/vUR) -(I - iq1/vR)r 2/w-j, (17a) ,. , - P OwiP V - k"r**/ZO + iVu 2G

whmCis a constant, .b at 3  i ~ 2 ~ 0 i)i
Therel prtof this function defines the MPS pusse. Prusm

w W0[1 + (111/y)92  (1b Eq. (20b) we note that zo is a mossu of the axial inent of

and the pulee, which i equivalent to afrequenyaf the arder f
c/zo. This frequency is the upper bound at the speo s in

4R = W0
21'c (170) Ziolkoes examples and is much preater than the cootff

is reiated to the Rayleigh range ZR - wsu2o2c by lj ;2ZR. frequency ck,. The radial profile of the NPS pulse at the
Some remarb on the solutions in Eqs. (14) and (17 are in lecne,~- ~hstefr

order. First, Eqs. (14) man window of the pearaolic approx- p fplir - kr/zlz)
iigmata to the full wave equation. On the other hand, Eqs. f',Z -______

(17) ieneacsolutions of the full equation. Secondthere is to L +r2/z0 -Uz

a factor-of-2 difference between the scale length cri in Eq.
(14c an thescae lngthCR n E. (1c).Thid, te min- In the numerical studies the pulse was replicated by ou-

nion of Eqs. (17) has infinite energy. Finally, the exact perosmng the fields from a planar stay of diorsfte Points,
solution in Eq. (15) consists of a.ustaein otelf each of which wia driven by a functioin specified by theWUS

that amodulaed by a p ukee travelmo ing to th igt form on some z constant plane.3  The parametem wee L -
To eamismdltd3ane teJttopitwae maombine riEht (15) &0 X 106c.6-& 10", zo- L67 X 10sci.and 14-

and (17) in order to form a fundamental Gaussian pulses *k to 7XO-4az ecmng1 nelgil beyon~aprd -'- 6*eIzTu.

withparmetr k- T/he pubsge nerted in this manner was propagated Inw- I

*/,(t, Z, 0) exp(ihq)~ ' (18)kr/ and compuared with the sexat form in Eq. (20b) at several
41raV locationsalong the z asia. Theminimum radio uofteeaa

required to replicate the exact; pulse form at 1, 10 100. and
whee 100km asdetrmned Fom heresults of Rub. "38 0

1 1 ± Az+/ 0  Ru+I we estimate the coreesuaoding radii of the antenna to be
VM; I A - zo+f/5 R-j+x2/,OFVnipmtel0A5, 5% and 5W m respectively.

We shall examine these results by a=king the follwing
and zo is constantL2 From Rd&. 29-33, Eq. (18) repre- question: What is the scale length for diffaction of the
sents a pulse traveling to the right that is m~odu~lated by a MWPS pulse? The pulse has a Gaussian radial poodles, as
plane wave moving to the left. With an appropriate weight indicated in Eq. (20c0, with a width gvo - (ze/k4P2 -M .6O C,
function, it can be shown that the *o, for all k form a com- and thereforeZolkowalticalulates &Rayleigh -snoe-w. 4aP
piete set of basis functions, each with total energy propor- - 0.21 kmi for the 200-GHZ componenit.31 This, howeve, is
tional to fd~d*5,

2 - -. Just as in the Case of Fourier not the appropriate scale length for diffraction of the WeS
synthesis with plane waves, a general finite-energ pulse pulse. The correct scaeb length is given by 2sweAl whosi
may be obtained by superposing the various th according to the antenna dimuuion da&Ways exceeds wco. The Pont here
a weight function F(k); that is, is that the Rayleigh r-ge1 based on the waist wo, easkulat1-

ed by ZiokOWski,3U1 is valid only at the pulse center * 0n.
fAs, Z, 0) dk*5,(r, z, t)Fk) Away from the plane ( - 0 the effective wa ist emmms as

JO, indicated by Eq. (20b), and the actual diffraction length is
1 ( therefore longer than sw&P/X This explains why the -W

T=6 +i) o dkF(k)oxp(-ks), (19a) propagates farther than the Rayleigh range dafined inteii
4ui~z 0 i~, ~oof we.. To calculate the wactal diffraction length, we note

where that the perpendicular wave-number (ks) spectum gIven in
p2 ~Ref. 31 indicates that the smallest k j. is of the are of View,0

$W-~iV~+ --. (19b) Henc an estimate for the diffacton angle is A/Ale.- The
Z +it.s width of the radiation beamn given by Eq. (3) can he write

Equation (19a) indicates that f(r, z, 0) is proportional to as wc - d + (ýA/wo)z, where d ie the radius of the array or

the Laplace transorm of F(k). antenna. T7e scale length for diffraction is then simply

B. Modified Power-Spectrum Puliel Numerical Std Zmjps - 2vw~dA. (21)
References 29-33 examined in detail the pukse correspond- .t t .iiaiybtente ifato 41t nf
ing to a modified power spectrum (MPS). With a slight (2) ndth wblength o ifrci3?fteBMgbo
redefinition of constants, the spcrmhste for 4B- 2rd/kpt k derived in Subeection L.B. Threemiblance

F(k) - 4tofHlk - k,)expI-(k - k,)LJ, (20a) is areflection of the fkatthatin both cam ethe Pulmne50is
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spread Over the gentre radius d of the aperture, which is of the homogeneous wave equation for Itd> T is known. and
much arge than the nominal wanst of the beam wo. one seeks the source term appropriate to this aclution. This

According to Eq. (21), the larger the radii. of the arry, case in fparticular bitareat since it would smilis amto find
the longer a dhe distance at propagation of the pulse, consis- th, ie-endt source for a preacribed radiation field.

* ~tent with the anumrical values quoted above. Tndeed, from
the numbers the ratio of the propagation distance to the Subsectiome 7.A-7.D summarize the exteniave research of
antenna radius is equal to 2000. Equating this to Zws/d, Momes aid Prosear~" on this subject. For a brief deasrip-
from. Eq. (21) we find that the worrsponding frequency is tiui of the properties of a bullet, the reader is re-iem d to
300 GB:. Since this frequency is well within the cutof of Subsection 7.D.
the pulse spectrum, we have a persuasive indication that the
MPS pulse does not defeat diffiraction as claimed by Viol- A. somqeee ft e lw Samne Pu Nhm

* ~kawskL30 la this subesecion we indicate the reason for, the .o*nqu-
use of the inverse @oese problem.36 By making ma of the

C. Moedified Poe apctruma Palaw Experiment eigenfunctioms of the curl operator we may mobv* the electro,-
ZmiokowskietL haveperfornmed avwae-tank expeimentto magnetic vector-fiel wave equation along aiielly the
demonstrate the properties of a NPS acoustic pulme2 The same lines as the on-dimensional problem. 'lb dismueion
Pulse was generated by a 6 X 6 cm2 square array. The WS in this subsectioni is therefore confined to the .me-dime.-
Pulse Parameters were L - 300.0 m.0 -i300.0, zo - 4.5 X 10-4 sianal wave equation in order to avoid the complications of
m., and h, - 2.0 m-1. From these parameters, one finds that eutdmnsoa ffects.
the pulse width wo is equal to 1.5 cm. The experiment ILt f,(z, 0) A fx. 0 denote the solution atftEq (22) foe t >
indicated that aGaussian pulse with an initial width equal to Tand f-(x, 0) fix, 0) denote the solution foert< -T. It is
1.5 cm suffered a greater transverse spreading than the UPS weAl known that the solution Of the sourc-free initial value
pulse. problemi for t> T in terms of the values of the function f+(x,

This experiment may be examined in the light of the 0) at t - T and the velocity (6a/dtf+(, 0) at t - T isexapress-
* iscussion leading to Eq. (21). The expression in Eq. (21) it*ein terms of apropagator G(x; 0:

gives the scale length for the falof in the intenityofa pule
that is generated by an array (Le., antenna) of radius d. z0 dx[x-4t-71f+xt-1
Since the squaret an"a is 6 cm X 6 cm, we take the parameter a
d to beequal to 3cm. Note that the speed of sound in water - Gx-x;cn.(k
is 1.5 X 103 masec; the wavelength of the dominant frequency + f,(x', t -7 tGx-x; 71 2a
in the pulse, 0.6 MB:, is A -n2.5 mm. From this, the actual

* diffraction scale length Zws is 1.1 mi. Ilk iss consistent Similarly, the solution of the sowrce-free final value problem
with the experimental obaervation that the UPS pulseprop- for t < -T in terms of f-(x, 0) at t T -and (81it)f-(z, t) at t
agated a distance of 1 m without significant spreading. -T is given by
Comparing the AMS pulse generated by a 6cm X 6 cm array (a~ c-
with aGaussian pubsehaving awaist of 1.5cm is mappropri- f-(z,t)- dJ4G(x-x';t4-T)j_(f.t=,
atm A Gausian beam with spot siue equal to the armayf
radius used in the experiment would propagate a distancea
24d2/, =Zws ie., sefir asthe MPS pulse. +f.(c' nT-Gzx'; t + 7. (23b)

We note from Eq. (21) that, in general, a Gaussian beam
with an appropriately curved wave front and an initial spot 7he propagator G can be written in terms of the Heaviside
size equal to the antenna dimension transfers nearly all the function H as follows:-
power onto atarget ofdimension woin adistance of the order Gfr-,) 0 ~sg(t)Hftic - x2) - '4[H(x + et) -HM(z - et)].
of Zrips. Such a Gaussian beam therefore trandfers more (24)

* power on the target than the corresponding MPS pulse.
That is, G may be expressed as the difference between the

7. ELCOMAGNETIC BULE advanced and the retarded Green functions. As a result,
Mx.( 0) is influenced only by points x at t - T that hein the

in this section we shell discuss solutions of the wave equa- backward light cone of the observation instant; similarly,
tion that are confined to a finite region of space in the wave f..(x, 0) is infuenced only by points:x at t - -T that lie in the
zone and are termed electromagnetic bullets. We consider forward light cone of the observation instant, as indicated in

*solutions of the wave equation Fig. 5.
W - -2$&)fr, - -~r,0, 22) Let us now consider the effect of the source on the solution

(V2  c2218t)f~, t - -~rt),of the wave equation. We define two auxiliary functions,
where the source term pAr, 0) is assumed to be nonzero for a
finite time interval -T < t < T. In this problem there wre P(k, 0) - (20-" j dxp(x, t)exp(-ikx), (25)
two case of interest

0 ~~Case (a) is the direct source problem (initial value prob- 2ku )-AWu Tep-uck~ )
lem). In this case the solution for t < -T ie given, and the
solution for t> Tis sought. X ezp(-iverhkt) f dt'(k, r)expiU~cl kit', (26)

Can (b) is the inverse source problem. Here, the solution
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The source function is then given by

Ax, 0 - QW1V' dkj dwi(k, w)exp(ikx - ifA).

Thus. if (S (a) were known for all k and all w, we could
determine p(z, t). However, referring to Eq. (26), .-e notice
that s(k, w) is known only for w - *ckl, which is -t suffi-

cient to permit us to reconstruct Pml, t). This o.;z•licamioan
is intimately connected with the nonuniquss the in-
ven problem.

t lMoses has shown that specification of the -- depen-
dance of the source is sufficient to guarantee a ! iniqus scan-
tion.3 As a conrete example, if p(r, t) - i,(r)kAt) +

BACKWARD UGHT CONE FORWARD UGHT CONE p0(r)h.(t), where h. is an even function of t ana h. is an odd
FWg5. Backwrd nd forward lightlc o an eswt t. indicating function of t and both are esentially arbitrary, then a corn-
the cal proparta. of the propagator G(z; t). plea solution of the inver problem for p,.(r) and ,(r) is

potsble, It must be stressed, however, that this dmeed
where u - + 1, - I dstnguishes the two directions of propa- form for the source function is a sufficient but umnemssary

gation along the z axis. Note that A(k, t) is simply the condition for the solvability of the inverse problem.
spatial Fourier utansorm of p(x, t). In terms of the two Without going into details we cite the example give. in

auxiliary functions, it is simple to show that ReL 35. For simplicity, taking the time dependence to be of
the form hM(t) - 6(t), ho(t) - 6"(t), where the prime is d/dt,

A(x, t) - (2r-)-' 2  f dk(k, t)exp(ik) and assuming the field to be of the form

fx 0 -, t)s=ik(x - ct)I, -a < x - ct < a, ke -mw,

is a solution of the inhomogeneous wave equation in Eq. (22). we find that the source function is given by
The solutions for t < - T and for t > T are then given by P t) - -[ki(t)os(kx) - c'6'(t)siA(kx)I, -a<X <a.

St) - ( 2 1 )-i/ •" J-- dkj(k,., T*7) Note that the source is confined to a finite region of spece.
•-',Y"'- This important attribute for any physically realizableouc

X xiac'ckI(*T - J. (27) function is not in general guaranteed for the inverse s
x expf + i (T-).problem. MWe should point out that the source fundion

Equation (27) expresses the solution of the wave equation in given by Moses is erroneous because of a sign error in esalu-
terms I evaluated at *T. This function is related to the ating the Fourier transform of he(t) [Eq. (2.6') of Ra. 2514
source p by Eqs. (25) and (26). Equation (23), on the other
hand. expresses the same solutions in terms of f and (e01t)f L. Solution of the Three-Dimensional Wave Equatio in
evaluated at *T. Hence one would expect to be able to the Wave Zone
relate J(k, a, * T) to f and (llat)f evaluated at *-T. Indeed, The general solution of the source-free three-dimensional
the formula connecting J(k, a, 7) and f+ is wave equation is36

J(k, i, 7) - (8,r)-""- f dx f(r, t) -. (2r)-" f J d3k exp(ik • r - ickt)f(k, a), (29)

x f+(x, t = T) + i 0-,(fz, t' T) exp(-ikz), (28) where a - *1 and k lId. In spherical coordinates nd mi
Lh- IkI& Jare used to denote the polar and the azimuthal angles, re-

andik r, -T)isobtainedintermsoff-byFourierinversion spectively, of the wave vector k. Making use of the method

of Eq. (27) evaluated at t - -T. Thus, in the direct source of stationary phase, we can show that

problem, f+(x, t) is obtained by specifying either f+(x, t) and 2si
(8/at)f+(x, t) evaluated at t - Tor f(x, -7) and 0(z, t). lim exp(sk - r) - Ir [-exp(ikr)6(f - 0,)&(# - r)

We now turn to the inverse source problem. Inverse prob-
lems, in general, have been the subject of extensive research + exp(-ikr)6(f - 6,95(# - *,')1, (30)
in many branches of physics. In our case we wish to deter-
mine the source from a knowledge of the field generated by (wr, .1,) are the angles in the cone along the -z axis.4 We
that source. Supposing that fjz, t) and T are known, we (9' aefthe anes in the nalong tis.usWe
can determine (k, •,*T) from Eqs. (27) and (28). Letting shall define cones more precisely in the folowing discuss.ion
the upper limit of integration of Eq. (26) equal T. one can Substituting Eq. (30) into Eq. (29), we fnd that the field in
apparently obtain the temporal Fourier transform s(k, w) of the wave zone is given by
A(k, 0, where f(r, t) - (80r)-1 '"-r Ito dklexplik(r - ct)J(k, 0, 0,)

s(k, ,) - (20-F2 - Tdt'6(k, ')exp(iwt).
- exprik(r + ct)II(k, 9,', #/)1. (31)
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Po s"itel defined aW an integral over plane whoee normaks very Over a
directed' unit sphere In general, the function f(s) defigeON in-
propagation ternal, distribution (such as density) at an object, and FAk, *)

Z istheprojecte distribution, or the profile, of the object. an
th ln k-*ntu The raone transom isa auseu
tool in image reconstruction from projections, With applEs-
timn in computerized axia tomography, radio alanomy,

reoeeansing, etc.
A refinement of the usual definition of the -ao trM-./ ~form shows that only the transform over a hemiephee

which Imay COnet of disjinted parts, ns puffict to race.
* s$*Ott the original function. It can than be shown that the

taskof obtainngan exact soljutnof the- thre-dmemional
way* equatio from the solution in the va -os reduess to
taking the inverse of the refined radon tam of the
solution in the wa-ve sons,

From Eq. (31) it is known that in the wavesos the
solution of the wave equation is, apart from a factor 1k, a

* ~function of only r - ct or r + ct, repreeentiag pgopagation
,along ray confined to a cone, 7he fied in the wave zone,

Simple therefore defines the ramg of the unit vector A and the
coneamplitude. Thi information is essentially equivalent to
cone ~knowi~ng the projections in different directions The exact

Fig. 6. Simple come consisting of two assocated soli angus and field may then be reconstructed &=o the set of projections.
the two-sheaWe cows that they subtend. One sowi angl fie in the
positve hemosphere and tde other in the negative hemiphere rele-
tive to die imiicstd directon of the z am.L Positively direted D. Example of a Rollst
propagation prce ft th egtv hemphere to tb ow We conclude Section 7 by disc:ussing an explicit; example of a
hemisphere bullet that is a solution of the scalar waveequatio..u An

example of an eetoaeicbullet is gien. in ReL 38.

Remarkably, Eq. (31) shows that the general solution of the Ao ballen byti ofnd oafnt olm ntewv
*three-dimnsxional wave equation in the wae" zone is, apart sn sgvnb

froanthe factor I/r, asuperposition of one~limensional wags fir, 0 - Meu- 0flH(r - a - ct) - HOr- b - ct)J/r,
motion, expressed as functions of r - ct and r + ct. More
over, if initiallyfir, t0 is confined toea given solid angle,1k, 0, r-- (32)
*) will be significant for k lying within that angle, nd fro where H is the Heaviuide function; a and b, with b > a,
Eq. (31), the solution in the wave zone will also be confined demote the boundaries of the bullet along the wadis and 2e
to the same angle. For the purposes of interpretation it is is the vertex angle of the cone containing the buIllt Note
convenient to consider propagation in cones, as indicated in that this solution is causal and of finite emeu and has a
Fig. 6. In particular, an electronmagnetic field in a cone is form that is consistent with the remarks following Eq. (31).
defined as one that is completely confined to a cone in the It represents a packet of energy shot through a cone whose
wave zon.ies coincides with the z axis.

C. Exact Solution of the Wave Eqato Thomis& solution can be easily verified hylettingf as S~, 9, t)/r

Solution in the Wave Zone (Wad= Transfoms) adntn ht2aThe purposeeof this subsection isto point out that, giverthe (V2 -C-2!.I (a -
solution of the wave equation in the wave-zone region, it is k aV'krz atJ
possible to determine the solution everywher.3' 7 In par-
ticular, one seeks the initial conditions f(r, 0) end (a/dt)f(r, t) +.-L. (sn*.0
at t = T. This is referrd to as the inverse initial value r2 Sine # 6V (Sn e
problem.

* Th solution of the inverse initial value problem is dis Assuming that gAr, 9, 0) - h(r - ct - ro) Y(9) one finds that
cussed in Ref. 36 for a particularly simple case. A systeinat- i2- C-. f . It~ ~ _)j(3
ic treatment of the general problem is possible by using /2in __iYý(3

radon transforins 3 1 t ~i O d
The radon transform F(k, 4) of afunction f(r) is obtrined whichtendstozero for allcontinuous Y(O) esr- -- Forthe

by integrating fover all planes r -A- constant: cewe wen Y(9 - ,,(a -9),we let -dY/fd - expf-(ur- 0)h/

*k ) d rr ) WI24'/( 112A, with A -~ 0. Note that as A - 0 dY/d9 -
F~kA)a'~ djtr)6(.A-k) - 9) - dvj(. - 9)/dO. Substituting this form into Eq.

(33). we notice that, as,& is made to approach zero r must
where A is a unit vector 46 The usual radon transform is increase indefinitely in order for the right-hand side of Eq.



714 J. Opt. Seo Am. AIVoL 8. No. 5lMay 1991 B. Halizi and P. Sprad.

(33) to approach zero. This shows very clearly that Eq. (32) long distances without an appreciable decrease in the inten-
is indeed a solutior *, the wave zone. sity. Possible applications would include power beaming,

The spot size may be defined by advanced radar, loswr acceleration of particles, and directed
9) denergy sources. This need has led to a great deal of interest

r.2= drdkdp 2 sin #(2r sin s)2 drdfrf Sin #, (34) in such fundamental subjects as diffraction and new aolu-
P tions of the wave equation.

where 2r sin 0 is the width of a cone of half-angle 9. Substi- It has been reiterated that the physical bai for difrac-
tuting Eq. (32) into Eq. (34), one obtains tion of waves is the well-known relation Ak,4z, = 1, for i - 1,

2,3. By virtue of this, it is simple to determine the swale
r,--[(8-9cosar+cos3e)/3(l-cowq)]" 2 ct, t-, length for the diactive spreading of a beam with an arbi-

(35) trary transverse profile. Thus a knowledge of the apscbu

is sufficient to permit determination of the maximum popa-
indicating a linear increase with time for the spot size, U in gation distance of the beam. Since diffraction is wunad-
the case of the Gaussian pulse in Eq. (14b), although the able, by concentrating the energy in the high frequencims one
constants of proportionality are different. We mention in can only delay the spreading of the beam
paising that the solutions given by Mor and Proasr16-3 Four examples of the research effort on the subject of
am distinguihed from the other solutions reviewed heue by bem propagation have been reviewed here. The caadu-
not having an explicit dependence on the frequency or the sions are as follows.
wave number.

As mentioned in Subsection 7.C, to obtain the exact solu- (1) ElecMo-netic mse Experiment indicates
tion everywhere one has merely to evaluate the inverse radon that a suitably tailored pulse shape can be designed to have
transform of the solution in the wave zone [Eq. (32)). Since an energy dey rate limited by the highest frequencies
the derivation is lengthy we shall simply quote the result. present in the pulse. This is fully consistent with outinder-
The exact solution is given by standing of diffraction.

f(r,t) =-f(r,t)-fb(r,t), (36a) (2) Beeselbeams- It is shown that as far as propation
is concerned Beesel beams are not resistant to the diffractive

where spreading commonly associated with all wave propagation.

f,(r, t) =H(o- 9)flfa + et- r ce( - -)] -H(a + ct - r)Vr These beams propagate no farther than Gausmian beams or
plane waves with the same transverse dimensions.

+ uv/W[a + ct - r cos(f + 1)] - Hia + ct - r cose( - v')]r, (3) ec directed-energy pulse traim The

(36b) diffractive properties of the pulse form studied moat inten-
sively under this general heading are described by diffrac-

with tion theory. These pulse trains do not defeat diffractim

v. =cos'[(cos(a-c o 0 cos)/ssin 0 sin0), 0<P.<w (4) Electromagnetic bullets- Given a radiation wave
packet in the wave zone that is confined to a suitable solid

and angle and extends over a finite radial extent, one can deter-
0. = cos-"[(a + ct)/r], 0 < 0a < r/2, mine the source required to generate the wave packet. Asof

this writing, however, this problem has not been solved for a

and where fb(r, t) is identical to f,(r, t) except that a is practical case.
replaced by b.

The field in Eq. (36) is identically zero for all r upstream of In a recent study, Godfrey examined electromagnetic mis-

the bullet, i.e., for all r < a + ct. The wave-zone limit i siles, Besel beams, and electromagnetic directed-energy

obtained by taking r, t -- -. Then, since Eq. (36) corre- pulse trains. His conclusions regarding the practical utility

spends to propagation in the positive cone (Fig. 6), from r - and the diffractive properties of these are identical to our.m
ct - constant, Eq. (32) is recovered. The requirement that r Ananev's analysis of Bessel beams and his conclusions re-

- ct be constant is equivalent to observing the bullet in a garding their diffractive properties are also similsr to ours-40

comoving frame. Close to the origin the exact solution in
Eq. (36) spreads out of the cone significantly. However, in APPENDIX A
the wave zone the solution is confined to the cone and is
independent of the angel 9 therein. Finally, it has been The purpose of this appendix is to examine the transition

shown in Ref. 38 that the difference between the exact solu- from the Fresnel to the Fraunhofer region for a clipped
tion in Eq. (36) and the wave-zone solution in Eq. (32) Bessel beam and a clipped Gaussian beam within the con-
becomes small quite rapidly as r, ct increase, with r - ct held text of the Huygens-Fresnel approximation.4 The clipping
fixed. is assumed to be caused by a fimite-sized aperture.

In principle, one can now use the inverse source method to In the case of the Bessel beam the field distribution at the
determine the sources that lead to the bullet described by aperture has the form u(r, z - 0) - Jo(k.r) within a circular
Eq. (32). To our knowledge, however, this computation has aperture of radius d. Making use of expression (6), we find
yet to be performed. that the amplitude at a point on the axis of symmetry is

given by

"B. SUMMARY AND CONCLUDING REMARKS i c z-1 dr'r'J0 (kir')explier'2/°z. (Al)

The motivation for much of the research reviewed here
stems from the need to propagate a beam of radiation over The limit k . = 0 corre,'onds to the case of plane waves
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incident Upon a circuar aperture as in Section 3. The 1 + e*p-2(d/wO)21 - 2 *p-d/aWdqca(hd/U)

intensity. give by expression (9), falls off snonatonicany (o I +(I)

ZP W2wd 2/X WA) (AT)

For k.L > 0, the oseillatory behaio of the Beesel ucio -i where ZAt isthe Rayleigh range defineid in Zq. (1). For the
exprssin (U tD& o Pase ix he nteran, dc&* parameters in ReL 26. dWoo * 1, and the gods Iwo&k fw the

reducitng(l thuperd mt of thae in thegraion5. cosquny intmnsity to drop to a querte its initial vah is oft the order
reuigthe b unpary lmi of the inta eg raion, bw of 24, as in exprnssiong (4c). Th ea-s ae@ la ength is

tio appearsto e switild a~nPWRfom ont sourceU eo d o en infinPU~istely oawwid hmet mdmd pe
reached before Zp Sa 2d'. won (am) goe Fora dto th de bem o wpae u expesid n

Since there is no simple analytical approximation to the amW goovrtth esfps w jpiin
"inega in expressio (AIL) conSidr the cms of a Coellinhsofa neniyo hemn eu ii h
beam uWz, y, z - 0) - cosk-z)coek~Y), which, is the Carte- For the for4 whmich a the coshrbum on paimit. an
sian equivalent ofaBessel beamn. The apertur is a rectan- dintgal umbe tof thasf-pr wicdho the z ratis. pinti anelg
pier opening in the x-y plane defined by [(x, y), lxi < X. nega numbe of hafinerosfftez&j Is=b

4~h- (0/24)4(X *kl),(AS) 4* Wt24([ * (kza/k - nxjr/kJ,

the amplitude on the z axis has the formo .' 1. where V* (k/2z) 1 1 X * (ha,/k + no/ism/),

1. Al (C() + iS(4) + C(f_) + iS(_J]e*p-ik. 2
2 /2k) where tir~/k2, with n. en integer, is the z coordinate at the

* (A4) observation point. We assume that nir/k, < X. in terms
andof these variables, the amplitude has the fom # . U.,,wher

S~~~~~~t) ~~~~I - [)/ tsnt' Ct 20 tCst C(f4) + iS(w. + C(I..) + iS(q..) + C(V4.)

S~t~m(2w)L'~dtint2 C~~ut(w)1~dtcet2+ iS(V+) + C(M-) + WIS(4, (AS)

are the Fresnel inteprals.A3 The ezpresaion for4 is obtained
from that forl, by mgfinthe eplacenmntstk,-hX.y.

We are intenesed in the intensity well within a nominal
Fresnel region defined by the width of the aperture

Zc <kJ(X 2, n2 /2 (AS)
but sufficiently far from the aperture so that the radiation7
diffacted from one edge can reach the z axms 7

at (X/., /k) 162 BA :B. 12i $A IA OS

Taking the appropriate limits of the Frenel intepala weA
find that the intensity is I = IWl6, where 1o is theo intensity

at the diffracting aperture. This analysis indicates that
expression (AS) defines the boundary of the true Fresnel '
region. The terms proportional to *kz/k in Eq. (AM) repre-
sent Propagation atan angle *sin-'(k,/k) to the z axis. Asa 2

consequence the drop in intensity characterizing the trpns-
tion to the Fraumbhaer region takes place at the location
indicated by expression (Am) rather than by the right-hand 3 Mjmpz

side of expression (AU)
Retirintig to the Bessel beam with dxý l/k j,we find that,

in the region of significant phase mixing in the intspand of
expression (A), the Besse function has the asymptotic "
form43Jo(z) - (2/rz)tcoe(z - ir4). Substituting this into
expression (Al) and comparing the phases, we find that the4
Fraunhofer region for the Blessel beam commences at Za
2wd/k 1 .X From the definition o Zp in Eq. (A2) we note that 2

ZW1Zp -l/kLd 4Cl1for the experimental parametersin Ref. I.
21. Thinswemsstthat a essedbeam is not optimum asfar aszo
the diffractive fallf of the intensity is cocerned. F armeer 7-e plo of12 Lr.1, An -o (AS)A, va dsc aln-gth

For the Gaussian beam, substiurting u(r)exp(-rt /w,;) k1  41 ymm':yt (a)msiv=@mat oe(snX-3J3 )lobmtAt s half

into expression (6) and performing the integral, we find that way4mm1 bewetea axnis nd te egeof th ape9ure(is, - 28); (c)

the intensity on the axis of symmetry is give by wetal lbetwo (t, r am. adthe Wo ofdnthe sin '"I a (a 25);o (cm ny
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Comment on Nodlffractiq Beams lar pulse form both numerically and experimentally.
The dominant radial profile of the modified-power-

Nondiffracting directed beams have been discussed by spectrum (MPS) pulse amplitude is exp[-br 2/lp(zo
several authors. 1-7 Our intention is to comment on (i) +ig)], where 4 -z -ct, and b, P, and zo are constants.
the Bessel beam 2-4 which has been called3 "remarkably Ziolkowski. Lewis, and Cook use the minimum spot size,
resistant to the diffractive spreading" and (ii) the elec- wo - (Pzo/b) 12, at the pulse center 4-0, to obtain the
tromagnetic directed energy pulse train 5- (EDEPT) diffraction length Z=--xwjA -xmzozbX. Their results in-
which is claimed7 to be "significantly improved over con- dicate that the pulse propagates significantly further
ventional, diffraction-limited beams," and to5 "defeat than Z iwiA.
diffraction." We find that diffraction is not reduced in In our interpretation the diffraction length is not
either case and that conventional Gaussian beams will -- rw•A, but is ZMps--R/eMps'iwoR/A, where R is
propagate at least as far for a given transmitting antenna the transmitting antenna dimension and 0Mps=/xwo is
dimension. the diffraction angle associated with a pulse having a

Durnin, Miceli, and Eberly 3 have studied the field typical transverse variation of - wo <R. As in the
y(r,z,t)-Jo(k±r)exp[i(kzz-oat)], where Jo is the Bessel beam, the energy in the MPS pulse is radially
Bessel function, k . is the transverse wave number, o) is spread out, typically over the full width R of the aper-
the frequency, and k: is the axial wave number. Two ture. The scale length ZMpS, derived here by a con-
properties of *' are as follows: (i) The power contained sistent application of diffraction theory to the MPS
in each lobe, between the adjacent zeros of J0, is of the pulse, is fully consistent with the experimental and nu-
same order, and (ii) Jo is a superposition of plane waves merical results. 6.7
propagating at an angle -k./lkz to the z axis.8  Utilizing the entire transmitting antenna radius R, an

Based on geometric optics, Durnin, Miceli, and Eber- unfocused Gaussian beam would propagate a distance
ly' found the propagation distance of the central lobe of - zR 2A; this is greater than the MPS pulse propagation
an apertured Bessel beam of radius R to be -2Rro/A, distance. A Gaussian beam can be focused to a dimen-
where ro-=x/k j. is the spacing between zeros of Jo and X sion -wo in the distance -ZMPs. Such a Gaussian
is the wavelength. They compare the propagation dis- beam focuses more power on the target than a corre-
tance of the apertured Bessel beam with a Gaussian sponding MPS pulse.
beam of spot size ro. The diffraction distance of the This work was supported by the Office of Naval
Gaussian beam is Z-G=rX1L Since R>>ro, they ob- Research and the Defense Advanced Research Projects
served that the Bessel beam propagated -(2/x)R/ro Agency.
times further than the Gaussian beam.

Our interpretation differs in a number of fundamental P. SprangleBeam Physics Branch
ways and shows that the comparison between the Bessel Plasma Physics Division
beam of radius R and the Gaussian beam of spot size ro Naval Research Laboratory
is not appropriate. If N>> I is the number of lobes, then Washington, D.C. 20375-5000
R -Nro. The diffraction length associated with the cen-
tral lobe is B. Hafizi

Science Applications International Corporation
-RiO - 2Nr&/.- 2Rro -(2/X) NZ , McLean, Virginia 22102

where Oe- k.L/k: -"X/2ro is the diffraction angle. The N
lobes diffract away sequentially starting with the outer- Received 5 March 1990
most one. The outermost lobe diffracts after a distance PACS numbers: 03.50.-z, 03.65.-w, 41.10.Hv, 42.10.Hc
-- r••A, the next one diffracts after a distance 2xrr/I., ISee, for example, Proceedings of the SPIE Conference on
and so on until the central lobe diffracts away after a dis- Microwave and Particle Beam Sources and Propagation. Los
tance -NxrrJ/•,Z,9. The central lobe persists as long Angeles. 1988, edited by N. Rostoker, SPIE Proceedings No.
as there are off-axis lobes to replenish its diffraction 873 (Society of Photo-Optical Instrumentation Engineers, Bel-
losses. lingham, WA, 1988).

If we take a Gaussian beam having a spot size equal to 2j. Durnin. J. Opt. Soc. Am. A 4, 651 (1987).
the aperture R, it will propagate N times further than JJ. Durnin, J. J. Miceli, Jr., and J. H. Eberly, Phys. Rev.
the apertured Bessel beam. By focusing the Gaussian Lett. 58, 1499 (1987).

dof 4j. Durnin, J. J. Miceli, and J. H. Eberly, Opt. Lett. 13, 79
beam, nearly all the power can be foused on a targetr (1988).
dimension r0 in a distance Z4. For the same power 5R. W. Ziolkowski, in Ref. i, p. 312.
through the aperture, the focused Gaussian beam 6R. W. Ziolkowski, D. K. Lewis, and B. D. Cook, Phys. Rev.
delivers -N times more power than the Bessel beam. Lett. 62, 147 (1989).

Another solution to the wave equation which has been 7R. W. Ziolkowski, Phys. Rev. A 39, 2005 (1989).
studied for its diffractive properties is the EDEPT. 5-7  8See also D. DeBeer, S. R. Hartmann, and R. Friedberg,
Ziolkowski, Lewis, and Cook6 have examined a particu- Phys. Rev. Lett. 59, 2611 (1987).
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Dw] a, Mlel, and Ebery Rqy: A Bessel beam is not Ref. I which has been only partially quoted in the first
a Gaussian beam, and so it has a number of different paragraph of Ref. 5: "We have confirmed that beams
properties, some of which were pointed out by us in Refs. exist whose central maxima are remarkably resistant to
1-3. An ideal Bessel beam carries an infinite amount of the diffractive spreading commonly associated with all
energy and is totally nondiffracting, just like a plane wave propagation."
wave, but it has a central intensity maximum (a beam J. D and J. J. Miceli, Jr.
spot) which a plane wave of course does not have. Ex- T of Optics
perimental studies have shown that laboratory realiza- University of Rochester
uions of Bessel beams, which can be generated in several Rochester, New York 14627
ways (see Refs. I and 4), retain some df the ideal beam's • H. Eberly
non-Gaussian properties. Department of Physics and Astronomy

Probably the most interesting of these properties is the University of Rochester
relatively enormous depth of field of its central spot (i.e., Rochester, New York 14627
the relatively great propagation distance over which the
spot half-width remains constant). This distance, while Received 12 October 1990
great, is of course finite, but it is intrinsic to the beam, PACS numbers: 03.50.-z, 03.6S.-w, 41.10.Hv, 42.10.Hc
once formed, and does not depend on subsequent lenses
or apertures. An example is the propagation of He-Ne 1J. Durnin. J. J. Miceli, Jr., and J. H. Eberly, Phys. Rev.
laser light in the form of a Bessel beam with a 35-pm Lett. 58, 1499 (1987).

spot half-width, with less than 5-pm spreading over a 2J. Durnin, J. Opt. Soc. Am. A 4, 651 (1987).
propagation range of 100 cm (see Fig. 1). The least in- 3J. Dumin, J. J. Miceli, Jr., and J. H. Eberly, Opt. Lett. 13,teresting of the Bessel beam's properties may be its com- 79 988).
parativg ofility the Bessel beam pergnte a y bret, ptitcoarn- 4Y. Lin et al., in Proceedings of the Joint Conference on
parative ability to carry energy onto a target, particular- Lasers and Electro-Optics and on Quantum Electronics
ly if the distance to the target is accurately known in ad- (CLEO-IQEC '90) (to be published), paper CTuH55; Y. Lin,
vance. Several estimates are given in Ref. 3. MS. thesis, University of Rochester (unpublished).

Finally, with emphasis added to indicate the important 5P. Sprangle and B. Hafizi, preceding Comment, Phys. Rev.
element clearly, we give here the complete sentence from Lett 66, 837 (1991).

(a) 1.0 (b) 1.0
Z= 15cm Z=50cm

0o.5 - 7 P-TM 0.5 -- 0 pmo

-0.5 0.0 0.5 -0.5 0.0 0.5

p (am) p (Uam)

(c) 1.0 -(d) 1.0o

Z=75 an Z= 100 an

S0.5 --1-70 p~m 0.5 --1-70 P~m

0.0 0.0
-0.5 0.0 0.5 -0.5 0.0 0.5

P (mm) p (Cm)
FIG. 1. Experimental data taken at 6328 A showing the (lack of) transverse spreading of the central spot of the B.sel beam de-

scribed in Ref. 2. A dashed line representing the ideal Bessel beam profile has been superimposed on a histogram of the actual beam
intensity measured with a charge-coupled-devioe array. Even after 100 oin of propagation the central spot width is essentially un-
changed, although growth of the beam wings has begun to be apparent.
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Synchrotron-betatron parametric instability in free-electron lasers

B. Hafizi' and A. Ting
Beam Physics Branch, Plasma Physics Division, Naval Research Laboratory, Washington, D.C. 2037.--5-=

(Received 3 August 1989)

Analysis of the synchrotron-betatron coupling in a free-electron laser indicaes that the particle
motion is susceptible to an instability that is of a fundamentally different physical character to those
examined previously. The domain of this instability, which is of a parametric type and causes an ex-
ponential growth of the betatron amplitude, is identified, and the growth rate therein determined.

L INTRODUCTION the vector potential is taken to correspond to the funda-
mental vacuum Gaussian mode:

All electron beams have finite emittance; that is, there
is a spread in the particle velocities transverse to the pri- A,-= Ascos EZ -cot + ex
mary direction of motion. On traversing a wiggler, the I +,I-
inevitable presence of transverse gradients in the magnet-
ic field leads to betatron oscillations of the particles. On
the other hand, the beating of the wiggler and optical oacuo,
fields forms the ponderomotive potential wherein the par- *(y,z)=toy 2/(2cR )-- arctan(z/zx )+0 (la)
ticles perform synchrotron oscillations. Coupling of

these two basic oscillatory degrees of freedom in a free- R =z[Il +(z1 /z) 2] (ib)
electron laser (FEL) may be deleterious to its efficient
operation due either to detrapping out of the ponderomo- is the radius of curvature of the wave fronts,

tive potential well or growth of betatron oscillation am- awo
plitude and emittance. Zit 2c (1c)

In Ref. I it is shown that the curvature of the optical
wave fronts couples the synchrotron and betatron oscilla- is the Rayleigh range, 0o is a constant,
tions of the electrons and that under the proper reso-
nance condition the amplitude of the synchrotron motion A, I -s exp[ -y 2 W2 (Z)], (ld)
increases unstably. In subsequent work, the authors of t e (Z)
Ref. 2 showed that a similar betatron-induced forcing of
the synchrotron motion results in the case of planar opti- .1s is a constant, and w W, the spot size at z, is related to

cal wave fronts, provided the wiggler field is tapered. the waist w0 at z-0 by

In what follows it is shown that the particle motion is
additionally susceptible to an instabilit +hat is dependent w (z) = w0 [l + (z/ZR )211n. (le)
neither on the curvature of the wave h,,,nts nor on a ta-
pered wiggler field. The instability arises from the energy Following Ref. 1 the amplitude and phase of the optical
dependence of the betatron wave number. As a result, field are assumed to be constant in time. This may be val-
when the electrons undergo synchrotron oscillations, the id in the low-gain Compton or the trapped-particle re-
betatron wave number is modulated at the synchrotron gimes of the FEL. By writing out in detail the form of
period, resulting in a parametric instability. This leads to the optical field we shall be able to indicate clearly the re-
an exponential growth of the betatron oscillation ampli- gion of applicability of the following analysis [cf. Eqs. (6)
tude and velocity. The region of parameter space and (14)].
wherein this instability is operative is identified, and an Following the standard procedure, 3 the equations of
analytical expression for the growth rate is obtained, motion in terms of the independent variable z are deriv-

able from the Hamiltonian function -p,(y,p,; t, -E ;z),

0H1. WIGGLER-AVERAGE EQUATIONS OF MOTION which is given by

It is assumed that the wiggler is linearly polarized, E m2c3
with the vector potential given by P c 2E[l+(p,/mC)+ax] (2)

A.= Acosh( k~y)sin( k,,,zr. where E, the total energy of an electron of rest mass m

where AW is constant, 21r/k. is the wiggler period, and and charge - Iel, is canonically conjugate to the time t,
^e is t' ! unit vector along the x axis. py is the momentum conjugate to the coordinate y, and

The optical field is assumed to be linearly polarized and a, is the normalized, total vector potential:

41 2877 01990 The American Physical Society
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a; =a.cosh(kwy)sin(kwz) MI. ANALYSIS OF SYNCHROTRON-BETATRON
COUPLING

+a, Cos I;tz t+~i (3) Variation of the optical phase # across the wave fronts
underlies the instability investigated in Ref. 1.

with aw., = Jel A,, A/mc 2
). Since the vector potential is Specifically, the first term in ( a) leads to a linear increase

not an explicit function of the coordinate x, the associat- with z of the synchrotron oscillation amplitude of deeply

ed canonical momentum P., is a constant. Equation (2) trapped electrons. Assuming the radius o' arvature R of

has been derived by choosing P3 =0, and omitting terms the wave fronts to be constant, the growt ate of this in-

on the order of (mc 2/E) 2 and higher in the expansion stability is proportional to y IR, where . is the ampli-

of the Hamiltonian. tude of the betatron oscillation. In wha! iollows it is as-

Upon squaring the expression in Eq. (3), averaging over sumed that y2/R --- 0. This is the case for electrons

the wiggler period, and retaining only the slowly varying confined to the central portion of the electron beam, or in

contribution to the ponderomotive potential, it is found the region where the curvature of the wave fronts is

that small. Assuming further that the z variation of 0 is small

on the scale length of the instability to be discussed, for a

- E- + (p /mc)2+ ,a2cosh2(ky) synchronous electron Eqs. (4c) and (4d) imply
C 2E [f ==const , (7a)

+awascosh(kwy) ý+O=(n+{)ir, n=0,±1,±2,..., (7b)

X s~in [ f £+kw Jz-W +O whence, for I k.y I «<1, Eqs. (4a) and (4b) integrate to
y =yocos(koz) + k 0 1 vasin(k0 z), (8)

Hamilton's equations are then given by where, from (5), k0-awk,1/v'2j is the betatron wave

number for a synchronous electron, and yp, v0 are con-

(4a) stants. Upon substituting (8) into Eq. (4c) one obtains

+afcosh (k y)+(yv)2- aw[ 1 +(kwy) 2 ]+(rv)

d k• 2k. (4b) 2-*a +W ( 0 0'v)

which is a constant in z, whence the synchronous energy

~=k. - W a2 2follows from Eq. (4c) by setting dl/dz=O:
d__.fk 2J [+_acosh2(kwy)+(v (4c) 1+ _2[

dz 2,y c 2= 1+4O +(kwyo) 2 ]

2ckw /o - v9
g = -•yaajfacosh(kwy)cos( +0#), (4d) For an electron in the vicinity of the synchronous par-

dz 2yc ticle, r =---+6y, -=--+6#, and Eqs. (4c) and (4d) imply

synchrotron oscillations of by and of 80. Through the y
where y=E/(mc2 ), b=(o/c +kw )z -- t, v py/(,mc), dependence of the betatron wave number, Eq. (5), it fol-
f- =J-0 () -J, (g) is the usual difference of Bessel func- lows from Eqs. (4a) and (4b) that under an appropriate
tions,4 g= (a. /2 )2/( 1 +a2 /2), and resonance condition a parametric instability of the cou-

_ak pled betatron and synchrotron oscillations is then possi- *
k a=V, ble.

To examine this, the expression in (8) is generalized to

is the betatron wave number. In arriving at Eq. (4b) it y-_yo(z•[(ka+e)z]
has been assumed that

Ia y~a a3  +(kO+e)-1v0(z)sin[(kp+e)z] , (10)

max +a2/2 aw(k~w°)2  «1 , (6) where yp and vp are now functions of z and e is a small
wave-number shift to be determined. Assuming

where w0 is the waist of the optical field, Eq. (le). Addi- dy 0 /dzl- eyo, [dv/dxl9 evp, and omitting terms on
tionally, the wave term, proportional to a /y,2, has been the order of el, substitution of (10) into Eqs. (4a) and (4b)
dropped from Eq. (4c). yields

(dvp/dz -ekogy)os[((£a+e)z]-(£gdyp/dz +ev,)sin[(k0+E)z]

=- lyfcos[((,g+E)z]+(+E)-F'vpsin[(£5 +e)zll(8r/l'). (QI)
00
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To obtain an expression for &y(z) to be used in Eq. exponential growth of the betatron amplitude of the elec-
(11), Eqs. (4c) and (4d) are perturbed about the synchro- trous (except those with c + =0, which, however, belong
nous values (7a) and (7b): to a set of measure zero).

d b6=k-k 0 1-'.(~~'+''
dz 2c WV. DISCUSSION

+-W-3 [I +(a.2(l +ky2)]6y, (12a) It is clear that the source of the instability discussed
C- here lies in the energy dependence of the betatron wave

d 8 W awa, f( number, Eq. (5). Previous studies of the synchrotron-87'(--)"2fc (+k )6' 12) betatron coupling have neglected this dependenc. The
result of Refs. I and 2 indicate a linea growth in the

where n denotes an integer from the set defined in (7b). amplitude of the synchrotron motion (Ay,A#) for deeply
Substituting (10) and the forms trapped electrons. On the other hand, for the parametric

8,r -,&(z)cos[2(keg+e)z+,ll (13a) instability discussed herein, Ay and ,* are constants,
whereas .p and vg grow exponentially fast. In all three

8#=&A(z)sin[2(kP+r)z+11], (13b) cases, however, the resonance condition is essentially

* ~whereij is a constant, into (12) and assuming that From Eqs. (15) and (16) it follows that for a suiciently

k~yo << f - 1/2 (14) large wave-number mismatch e the growth rate vanishes.
Maximum growth is obtained for e=O:

one obtains an identity whose consistency requires that I (A./fkoshi1 (17)
Ay and A# be independent of z and that

S2(g+ )0-- , (IS) It should be remarked that the growth rate in Eq. (17) de-
pends on the laser intensity through the requirement that

where
1/2 Since, at the order of approximation employed here,

*)'a'aJB (1+--a,) Ay and A# are constants, the parametric instability is ex-
kw. 2f c 2  I pected to affect the extraction effi•ency of the FEL main-

ly. through increased electron-beam radius and particle
quis the synchrotron wave number. In addition, it is re- detrapping from the ponderomotive potential, such as
quired that the integer n in Eq. (12b) be odd. It should be that described in Refs. I and 2, and would result once the
noted that the constraint indicatld by (14) is consistent betatron amplitude is suffciently large. It must be
with the ege t radiation field term in Eq. ) n remarked, however, that if the variation of the optical
the parameter restriction in (6). 0 field amplitude or phase over the scale length indicated

Now substituting (13a) into Eq. (II) one again obtains by (17) is large enough, then the resonance (15) may be
an identity. Assuming yt,vo-exp(z), the consistency crossed without an appreciable effect on the efficiency. 5,'
condition reduces to
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SYNCHMOTRON-BETATRON PARAMETRIC INSTABILITY IN FREE-ELETON LASERS

B. HAFIZI * and A. TING
Beam Physics Branch Plasma Physics Dwision Na esawch Loaem y, Washnopon DC 20375.500a USA

Analysis of the synchrouron-betatroa coupling in a free-electron laser indicates that the particle motion is susceptible to an
instability arising from the energy dependence of the betatron wave number. Tw domain of this instability, which is of a parametric
type and causes an exponential growth of the betatron amplitude, is identified and the growth rate therein determined.

1. InamdUC11011 field is taken to correspond to the fundamental vacuum
Oaussian mode:

Coupling of the various oscillatory degrees of free- G san m

domr in a free-electron laser (FEL) may be deleterious to (C Ao j
its efficient operation due either to detrapping out of where w is the angular frequency,
the ponderomotive potential well or to growth of the
betatron oscillation amplitude and emittance. In ref. [1] ,(y" z) - •y 2/(2cR) - • arctan(z/z ) +4•, (Ia)
it is shown that the curvature of the optical wave fronts A -z l + (z/z)2 (
couples the synchrotron and betatron oscillations of the
electrons and that under the proper resonance condition is the radius of curvature of the wave fronts.
the amplitude of the synchrotron motion increases un- W4
stably. In subsequent work, the authors of ref. [2] showed ZR - F(c)
that a similar betatron-induced forcing of the synchro- is the Rayleigh range, 0o is a constant,
tron motion results in the case of planar optical wave
fronts provided the wiggler field is tapered. A.- [ W]![-.. (Id)

Here it is shown that the particle motion is addition- As[w(z) [
ally susceptible to an instability which arises from the i is a constant, and w(z). the spot size at z, is related
energy dependence of the betatron wave number. This to the waist ab at z - 0 by
leads to an expoaeaal growth of the betatron oscilla-
tion amplitude and velocity. The region of parameter W(Z) - O I + (z/z)2ll/2  (le)
space wherein this instability is operative is identified
and an analytical expression for the growth rate is The equations of -notion in terms of the independent
obtained. variable z are derivable from the Hamiltonian function

-p,(y, py; t, - E; z), which is given by [31

E£ m2c3  (,,M) 2 (2)
2. Wk*~-aerap eqpwdowf modon P-- ý_ i 7 (Py/I mc) + afl.

where E is the total energy and a. is the normalized
It is assumed that the wiggler is linearly polarized, total vector potential:

with the vector potential given by . + t +a. - . cohky onkz . cos).
A. -A.. cosh(k.y) sin(kz)e,, (3)

where A. is constant and 2%/k. is the wiggler period, with a,,- IeIA..J(mc2 ).
The vector potential of the linearly polarized optical Substituting eq. (3) into eq. (2), it is found that

P Em 2c 3- + 2  " cosh(k•y)

Permanent address: Science Applications International +awa,cosh(k~y)Xsin((±ý-+k.)Z-aos+.J

Corp., MdLean, VA. USA

Elsevier ce Publishers B.V. (North-Holland)
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Hamilton's equations are then given by For an electron in the vicinity c .e syc.chronous
dy particle, y- + 85y, •+ 8, ar. s. and (4d)
-z ,- imply synchrotron oscillations of 6- of ,. Through

du - 2 sinh(2ky) ( the y-dependence of the betatron v. nun-.,r (eq. (5)]
= - 2 , it follows from eqs. (4a) and (4' .nat under an ap-

propriate resonance condition a :arametric instability 0
dz k 9' [i 'a2.cosb?(kwy)+(yv)2], of the coupled betatron and syr...- rotron oscillations is

2-, c then possible.
(4c) To examine this. the expression in eq. (8) is gener-

dy alized tof- aa,fB cosh(k.y) cos(4, + 4). (4d) Y Y~)cs(l 'z
,Yc 2),Y =yO(z) cos[(ko + )z]

where y - E/(mc2 ), -= (/c + k,)z - wt, v= 0
p,/(ymc), fs,- 1J0()- J1 (J) is the usual difference of + (ko +C)-vp(z) sinf(kp +c)zJ,
Bessel functions 14L, j - (a./2)2 /(1 + a./2), and

ak, where Yp and vp are now functions of z and i is a small
'0'- F (5) wave-numbers shift. Assuming Idyp/dz - cyp, Idvp/

dzl -vo, kwy '-c -4 /1, and omitting teras on theis the betatron wave number. In arriving at eq. (4b) it order of c , one finds that y0 and 0 grow like exp(Az)

has been assumed that when the following synchrotron-betatron resonance

( a, ya- a, condition is satisfied:

"ia •-w, 1+41/2' IaI(kww) (6) 2(k+e)-k,.

where w0 is the waist of the optical field [eq. (le)]. Here
Additionally, the wave term, proportional to a,/y2, has
been dropped from eq. (4c). [ [.2a-a.fs (1 a2k ,- 2 ,+•a,)

3. Aniaysis of syndam-bet-ftron emlling is the synchrotron wave number, and

Variation of the optical phase 0 across the wave > [ ]2 1 /2
fronts underlies the instability investigated in ref. (1]. 2- + ½12 k(AT/.) cos
Specifically, the first term in eq. (la) leads to a linear is the growth rate of the instability.
increase with z of the synchrotron oscillation amplitude i
of deeply trapped electrons. Assuming the radius of
curvature R of the wave fronts to be constant, the
growth rate of this instability is proportional to y0/R, 4 .
where yp is the amplitude of the betatron oscillation. In
what follows it is assumed that y2/R .-. TIs is It is dear that the source of the instability discussed

case for electrons confined to the central portion of the here lies in the energy dependence of the betatron wave

electron beam, or in the region where the curvature of number [Eq. (5)]. Previous studies of the synchrotron-

the wave fronts is small. Assuming further that the betatron coupling have neglected this dependence The
z-variation of # is small on the length scale of the results of refs. [11 and (2] indicate a linear growth in the
instability to be discussed, for a synchronous electron amplitude of the synchrotron motion for deeply trapp-d
eqs. (4c) and (4d) imply electrons. On the other hand, for the parametric insta-

=-9- constant, (7a) bility discussed here, the synchrotron motion is stable,
whereas ys and vp grow fast exponentially. In all three

4+ =(n+-)¶T, n-0, ±1, ±2, -. , (7b) cases, however, the resonance condition is essentially

whence for Iky I w I eqs. (4a) 4b) integrate to ky - 2kp. Maximum growth is obtained for c-'

y-y, os(kaz) + &;o 1Vsin(kz), (8) Xi. ½s 1(A0/1) COS Iq.

where, from eq. (5), kp-a,,k./vI- is the betatron Since, at the order of approximation employed here,
wave number for a synchronous electron, and yp, vp the synchrotron motion is stable, the parametric imta-
are constants. The synchronous energy follows from eq. bility is expected to affect the extraction efficiency of
(4c) by setting di/dz -0: the FEL mainly through an increased electron-beam

-2 1 + I + (kwyopJ radius, and particle detrapping from the ponderosuotive
-z k(9) potential, such as that described in res. [1) and [2t,

would result once the betatron amplitude is sufficiently

HI. THEORY
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large. It must be remarked, however, that if the varia- idesme"

tion of the opical-field amplitude or phase over the

scale length indicated by eq. (10) is large enough, then [11 M.N. Rouenbluth, IEEE J. Quantum Eectron QE-21 (1985)

the resonance may be crossed without an appreciable 966.

effect on the efficiency [5,6]. [21 P. Sprangle and C.M. Tan=& Phys Fluids 28 (195) 2019.
[3) N.M. Kroil, P.L. Morton and M.N. Rosenbluth. IEEE J.

Quantum Electron. QE-17 (1981) 1436.
[4] A.A. Kolomenskii and A.N. Lebedev. Kvantovaya Elec-

tron. 5 (1978) 1543 [Soy. J. Quantum Electron. 8 (1978)
8791.
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ELFECTON-BEAM QUALITY IN FRIE-ELCrRON LASEIS

C.W. ROBERSON
Physics Duwmi. Office of Naval Reswch Arngrmu VA 22217, USA

B. HAFIZM *
Beam Physics Brand Plasmu Physics Divisioa, Nacal Resach Laboraovy, Washingwso DC 20375-. "M, USA

The equilibrium electron-beam radius in a free-electio laser is determined by the emittance and focussing properties of the
wiggler. The spot size of the radiation beam is determined by the optical guiding effects of the interaction. We have obtained a simple
relationship connecting the beam emittance and the wavelength. with wiggler strength and current as parameters. Making use of the
dispersion relation to define a scaled parallel thermal velocity, we then proceed to determine the limits on the velocity spreads to
achieve a desired lasing wavelength.

The electron-beam quality in a free-electron laser point for the experiments at Boeing Aerospace Com-
(FEL) limits the efficiency and ultimately the wave- pany (BAC).
length at which it can be operated. Although the radia- Brightness has become a frequently used figure of
tion and electron beam in the FEL are not constrained merit for the electron beam in FELs. The normalized
in the transverse direction by a slow-wave strncture or a brightness is defined as [21
waveguide, the beam profiles must be closely matched -
to ensure an efficient interaction. The transverse emit-

tance and wiggler focusing determine the radius of the where c. -iyve is the normalized emittance and a is a
electron beam, and the radius of the radiation beam is
determined by optical guiding [1]. Here we consider the
case of gain guiding in a planar wiggler. In this case, the 12
relationship between the unnormalized electron-beam
emittance e and the radiation wavelength A (for a -

filling factor of 1) is given by 10-
X-[-y,/(l + aw/2)1 C,1/

where F - lb[kA]/17P is Budker's parameter, - - 1/(l a-
_ 2)1/2, 8 - v/c, and a. _ eAW/Mc 2 AA. being the

wiggler vector potential. W-/
Gw6-As is well-known, in vacuo the scale length for >

diffraction of a beam of waist w and wavelength X is
given by the Rayleigh range Zf - -ww2/\. Thus, for a "
given electron-bu~m emittance, higher gain and current
are required to maintain a matched radiation beam at a
longer wavelength, and the X versus lb scaling of eq. (i) cc ."

is a reflection of thi fact. This is to be contrasted with -.

the classical result X -m which is obtained by simply
matching the waist of the electron and radiation beams 0
when there is no optical focusing [2. In fig. I we plot 0 1 2 3 4 5

eq. (1) for two different cases, Ylb-" 
1 2 k A ... ( - ) a UNNORMALIZED EMITTANCE e (mm-mrado)

T'b - 60 kA (....). Also shown is the nominal operating Fig. 1. Radiation wavelength versus unnoanalized electrm-
beam emittamc The classical X - m scalmg is slmon as a full
linW The othe lines show the scaling indicated by eq. (1). The

"* Permanemt address: Science Applications Int. Corp., Mc- point corresponding to the experiment at the Boeing Aerospace
Lean. VA, USA. Company (RAC) is alo shown.

Elsevier Science Publishers B.V. (North-Holland) IlL THEORY
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form factor. (For a beam with a uniform ellipsoidal where bvt is the axial velocity spread. When S ap-
cross section. a = 2.) proaches 1. the phase velocity of the ponderomotive

For a uniform circular cathode of radius r, the wave lies within the velocity spread in the beam frame.
thermal contribution to the emittance is t-2rj(T/ Hence, we make the transition from the cold-beam
Mc2 

)1/2. For typical thermionic emitters, the average limit, where all of the beam electrons are involved in the
transverse energy of emitted electrons is 0.1 eV, which interaction, to the warm-beam or kinetic regime, where
gives a peak brightness of (for a = 2) B, - 8.2 X only a fraction of the beam particles are involved.
10J,/,t2. where Jb is the current density. The trans- The scaled thermal velocity can be expressed in
verse emittance and brightness are useful parameters terms of the cold-beam efficiency i? as
characterizing electron beams. Emittance filters pre-
serve beam brightness while reducing beam emittance. S- yi8vt61/1u1.
However, the dynamics of the FEL is determined by the 9
interaction of the wave with the axial component of the We can combine eq. (1), connecting the wavelength
beam velocity. The axial energy spread in an electron and the emittance, with the expression for the scaled
beam can come from a variety of sources such as thermal velocity [Eq. (2)] to obtain an expression for the
wiggler gradients, space charge and pitch-angle scatter- wavelength achieveable for given parallel and per-
ing. A useful definition of beam quality for the FEL pendicular velocity spreads:
that emphasizes the axial energy spread is 4 2 38Y11,, 21r 1", + aw/

:B / = 7 J, rb S 3 a z , -U

where 8 -ti is the total spread in the axial energy. ] 1

Although the beam parameters B,, c, and BQ are + - v (3)
useful figures of merit for the electron beam, the FEL 2 1 + a2/2 (c (3)
dispersion relation is required to obtain the scaling of
the wavelength with emittance, as was done in eq. (1) Here, if we let S - 1, we can find the bounding surface
for the case of gain guiding. for transition to the "kietic regime of operation of an

We have derived the dispersion relation in the high- FEL. Note that the expression in eq. (3) has the virtue
gain Compton limit for an electron beam with a that it reduces to eq. (1) or eq. (2) in the appropriate
Lorentzian electron velocity distribution, and solved for limit.
the effective thermal velocity S [2]: In fig. 2 we have plotted the wavelength divided by

(by,1 .)/3 the electron-beam radius as a function of the parallel 9
S -1 (4w b 7il/.ba , (2) and perpendicular velocity spreads. The parameters

V1  chosen are approximately those of the Boeing FEL: a

170 MeV, 250 A electron beam of 1 mm radius, with a
wiggler period of 2.18 cm and a wiggler field of I T. If
Al/rb lies on the surface, then we are operating in the
cold-beam regime for the parallel velocity spread and in
a regime where the radiation beam spot size is matched
to the electron beam for the given perpendicular veloc-
ity spread. Note that the requirement on 8v~l is about
four orders of magnitude more severe than that on 8bv.
This indicates a possible drawback of the technique of

r xj /subharmonic bunching for operation at short wave-
lengths. Subbarmonic bunching, which increases the
peak current by axially compressing the beam, has the
deleterious effect of increasing the axial velocity spread.

In conclusion, we have obtained an expression for
the lasing wavelength of an optically guided FEL in the
exponential-gain regime of operation. This expression,

given by eq. (3), allows us to compare and evaluate the
Fig. 2. Radiation wavelength versus parallel and pr effect of the spreads in the electron distribution func-

velocity spreads (normalized to the speed of fight, c). The tion in axial and perpendicular directions. Clearly, limi-
parameters are taken to be those of the Boeing experiment: a rations on electron sources and problems in generating
170 MeV. 250 A electron beam of I mm radius, a 2.18 cm high-quality beams for free-electron lasers will continue

wiggler period and a wiggler field of 1 T. to challenge accelerator scientists.
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F.imciey Enhancement and Optical Guiding in a Tapered Higb-Power
Finite-Puls Free-Electro Laser

B. Hafizi,(a) A. Tang, P. Sprangle, and C. M. Tang
Beam Physics Branch. Plasma Physics Division. Naval Research Laboratory. Washingtom D.C. 20375-5000

(Received 13 July 1919)

We compare the radiation output from simulations of a finite-pulse high-power laser for several taper-
ing rates. A fast taper leads to a tenfold incre in efficiency as compared to a slow taper, with little
change in peak radiation intensity. The enhanced power for fast tapering rates is due to an increase in
the optical-pulse cross section. brought about by a reduction in refractive guiding. This is analyzed by
an envelope equation for the radiation beam. For the tapering rates leading to the highest powers, the
optical pulse is virtually free of sideband modulation.

PACS numbers 42.55.Tb, 52.75.Ms

One-dimensional free-electron-laser (FEL) theory pre- Ae "'/C-'rl2+c.c., where A(rt) is a slowly varying

dicts that the radiation intensity increases when the amplitude, w is the frequency, and f. is the unit vector

wiggler is tapered, leading to higher efficiency. 1-3 Thus, along the x axis. The real part of p governs the refrac-

one would expect that a faster taper should lead to a tive effect and the imaginary part describes the gain.

higher output intensity and efficiency. Multidimensional Their combined role in the evolution of the radiation spot

results" are generally reported as an increase in output size rP, ,t) is expressed by the envelope equation' 0

power, without specifying the intensity, which is a key ru+K 2(Zt,r,, Iao I )r," 0,
parameter in many applications. We have studied a

high-power, finite-pulse FEL with a 3D, axisymmetric, K 2 (2c/l) 2 I[_ +2Ccosg,+C 2sin 24,

time-dependent code. Comparison of the radiation at + (-'2C)r2..sin4r'.4
the wiggler exit for several tapering rates confirms the
increase in power enhancement with faster tapering where ao is the amplitude of the fundamental Gaussian
rates. Surp~risingly, this improvement is not primarily mode, C'(21b/17y,)Ha/1jaoj, the prime symbol
due to an increase in the peak intensity within the pulse; *Oa/Oz + c - 818/t, lb is the beam current in kiloamperes,
rather, it is due to an increase in the radiation spot size. H, which is a form factor related to the transverse profile
It turns out that the extra energy extracted from the of the electron beam, is roughly a constant and close to

electron beam is spread over a larger cross section due to unity herein, y,, is the relativistic factor for a resonant
a reduction in optical guiding. electron, and 4, is the resonance phase approximation for

Two causes of guiding, 1-3.5-1 gain focusing and re- (4). The - I in the expression for K 2 is due to vacuum
fractive guiding, have been distinguished based on the diffraction, 2Ccos4, contributes to refractive guiding

notion of a complex refractive index.8 In general, these arising from the real part of p, and the third and fourth
two participate simultaneously and their combined effect terms, due to the imaginary part of p, contribute to gain

on the spot size can be ascertained via the envelope equa- focusing. The relative importance of these will be dis-

tion for the radiation beam in an FEL. 10 We find that cussed along with the simulation results.
refractive guiding, which dominates gain focusing, di- The code employs the method of source-dependent ex-
minishes as the tapering rate is increased. As a result pansion,'° using Gaussian Laguerre functions to evolve
the wave fronts become more convex and the spot size in- the optical field. 12 Betatron motion in a wiggler with
creases. parabolic pole faces is included. The initial electron dis-

To examine guiding, consider the FEL refractive in- tribution is a parabolic along the axial direction and in
dex -3."-10 the transverse plane. The parameters for the computa-

* - ! + (eb./o,)2(aw/2 I a I )(exp( -i4)/y) tions, which are similar to those for the proposed rf-linac
FEL experiment at the Boeing Aerospace Company, are

where Ob is the plasma frequency, and a, Ie I B,, listed in Table 1. 11 The input power is sufficient to ini-

kmc2 and a - I e I A/mc 2 are the normalized vector po- tially trap all the electrons. The tapering of the wiggler

tentials of the wiggler and radiation fields, with - I eI field, commencing at the entrance, is obtained by

the charge and m the mass of an electron with energy prescribing a constant rate of decrease of electron energy

Ymc2, B, the amplitude, and 2x/k. the period of the dy,/dz < 0.
wiggler. The electron phase relative to the ponderomo- For brevity, the results for only two tapering rates will

tive potential is 4, and (--') denotes a beam average. he discussed. Case (a), -dy,/dz -0.1 m- (4=l.8),

The optical vector potential is represented by has a slow taper, and case (b), - dyldz -1.3 m-a

180 0 1990 The American Physical Society
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TABLE 1. Parameters for a high-power, rf-linac FEL also illustrates the growth of sideband modulations from
the leading to the trailing edge of the optical pulse. Note

Eneg ymi2  175 MeV the sharp reduction in the modulation of the pulse in the
Current lb 450 A more rapidly tapered case (b), Fig. I(b), as in a recent
Normalized edge emattance 153 mmmrad experint. 13
E-beam radius I mm Figure 2 shows the radiation spot size rs(z) (solid
Wiggler pied le 6.4 kG line) and wave-front curvature a(z) (dashed line), with

Wiggler period 2x/k. 4.7 cm a(z) normalized to wr,2/2c. Note that in the region
Wiggler length L 42 m where the field amplitude is significant the spot size is
Radiation wavelength 2zcI/ 1 Pm much smaller than in the surrounding regions where
lnitialspot sizer, 1.25 mm a-0, and r, and a evolve as in vacuum. Note further
Peak radiation input power 450 MW that for case (a), shown in Fig. 2(a), a -O within pulse,

indicating roughly planar wave fronts. On the other
hand, for case (b), shown in Fig. 2(b), a> 0, indicating

(, 8* ), has a fast taper. Figure I shows the profiles that the wave fronts are convex everywhere.

of the optical pulse Ia(z,r-0) I and the electron pulse Figures 3 and 4 show the real and imaginary parts of

at the end of the wiggler for cases (a) and (b). Note p(z) at the end of the wiggler. Comparing Figs. 3(a)

that the peak intensity (- I a 12) is about the same in and 3(b) it is apparent that Rep is significantly larger in

both cases. The asymmetry of the optical pulse is due to the former, case (a). On the other hand, noting that

the slippage of the electrons, which causes a greater Imp < 0 corresponds to gain, Fig. 4(a) indicates that the

amplification of the trailing side of the optical pulse as net gain is approximately zero after averaging over the

compared to the leading edge. Taking account of the synchrotron modulations, whereas the more rapidly ta-

finite transverse extent of the pulse, the slippage over a pered case (b) of Fig. 4(b) is seen to have a net gain in

wiggler of length L is the region where the optical field is significant.
The implication of these results with regard to the spot

-L[(0 +a/2)/y2, -(rc/,r, ) 21 =I mm, size may be ascertained by a consideration of the terms
in K 2 in the envelope equation. Taking account of the

where the second term is due to transverse effects. This fraction of trapped electrons, one finds that in going

is comparable to that observed in Fig. I. Figure l(a) from case (a) to case (b) the gain-focusing term

22 (1.e te.o
X 10t4

l.8 1.2 12.0
1.4

1. 0.8 8.0
1.0

0.6- 0

0,.6 ._, "I <

N O.5 .- 0

"Z ý

S 1.4

.. oso

20. z z

02 00"

0 1 .0 2.0 3.0 4.0 ort) 0 1.0 2.0 3.0 4.0

FIG. 1. Vector potential .a(z~r--)j and linear electron

density N(z) at wiggler exit. (a) Slow tapering rate, resonance FIG. 2. Spot size r,(z) and normalized curvature a(z) at
phase (,-.8 cawe (a)]; Wb rapid tapering rate, resonance wiggler exit. (a) Slow taper [case (0)]; Mb rapid taper (case
phase ,18° [case (b). Note that intensity C2 I0a 1. (b)).
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12xIo-' term 2Ccos4, decreases from 3.1 to 1.6. The increase in
¶-.0 the magnitude of the pin-focusing terms in going from1.0, case (a) to case (b) is principally due to the increase in

0.6 4,. Concurrently, the 50% reduction in the refractive-

0.6 guiding term is due to the increase in I aoI and the de-
crease in a,.,. Since the refractive-guiding term is the

0.4- dominant term, the reduction in its value leads to a de-

0.2 creas in K 2, and hence to reduced optical guiding. The
net effect is the increase in the spot size and the curva-

"12 0 ture observed in Fig. 2(b) as compared to Fig. 2(a). In
S K 1X- other words, the wave fronts become increasingly convex

, .0 0}with faster tapering rate.
1r.0 Figure 5 summarizes the results for the nine tapering

0.8 rates -dy,/dz -0.1,0.3,...,.7 m -', corresponding to
0.,'!.8.3.5°... -3?. Beyond -dyl,,dz0.3 m-i,

the amplitude i ai is fairly constant up to -- dyIdz
0.4- -- .3 m - , after which it decreases. However, there is a

Snear-monotonic increase in the spot size. Therefore. it is
the increased transverse extent of the optical field-and

0 not an increase in intensity-that is responsible for the
0 1.0 2.3 310 -4j.0 enhancement in the power (cc I ra I2) observed in Fig. 5.

Z(-m) Based on the desired output power and the constraint on
FIG. 3. Real p(z.r-0) part of refractive index at wiggler the maximum spot size one can determine the optimal

exit. (a) Slow taper [case (a)); (b) rapid taper (case (b)].

C 2 sin 2g, increases from 2.4xl0- 3 to 7x10-2 . The 4.0"
other term, (ou/2c)r2C'sin4,, changes from -4.4x I0 -34.

to - 2.4 x 10-2, the negative sign indicating a defocusing
contribution. On the other hand, the refractive-guiding

i

3 .O X0 x 1 o 4.0 •

2.0 -2.0 --

1.01

0 • 2

- 1.0 -1 -

-2.0

* ~ ~ ~ -3.0 _ _ _ _
(J- 0.4 I

3.0X10-8- (b)

2.0 
0

1.0 1
.0 2.0,

-1.0

-2.0-j4 S, I I T I I I I

-3.0 0 0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7" I I = -E ,S~dzm -'

0 1.0 2.0 3.0 4.0 FIG. 5. Summary of results for various tapering rates
Smm) -dy,,dz. Efficiencies are obtained from total energy in optical

FIG. 4. Imaginary p(z.r-0) part of refractive index at field. For other quantities, ordinate values correspond to
wiggler exit. (a) Slow taper [case (a)]: (b) rapid taper (case peak-power point along the pulse, which varies somewhat be-
(b)]. tween the different tapering rates.
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EFFECT OF TAPERING ON OPTICAL GUIDING AND SIDEBAND GROWTH IN A FINrUE-ULPSE
FREE-ELECTRON LASER

B. HAFIZI *, A. TING, P. SPRANGLE and C.M. TANG
Beam Phystc Bramnc, Plasma Physics Dwionm Naval Resawch Laborao•, Washingtom DC 20375.."000, USA

The radiation outputs from a finite-pulse high-power laser for several tapering rates are compared. Simulations reveal that fast
tapering leads to increased efficiency as compared to slow tapering, but with little change in the peak radiation intensity. Increasing
the tapering rate reduces refractive guiding and increases the spot size of the optical field The enhanced power for fast tapering rates
is due to the increase in the optical pulse cross section. rather than an increase in the amplitude. This is analysed by an envelope
equation for the radiation beam. Reduced sideband modulation due to distortion of the synchrotron motion by the tapering is also
observed.

1. Introucthm 2. Radatioa envelop eq~mim

One-dimensional free-electron laser (FEL) theory To examine guiding, consider the FEL refractive
predicts that the radiation intensity increases when the index [1-3,6-12]

wiggler is tapered, leading to higher efficiency 11-3). -I + (to )2( a,/21a (exp( - i)/Y). (1)
Thus, one would expect that a faster taper should lead*
to a higher output intensity and efficiency. Multidimen- where Wb is the plasma frequency, and a,, -

sional results [4] are generally reported as an increasein IeIB,,/kwmc 2 and a- IeIA/mc 2 are the normalized

output power, without specifying the intensity, which is vector potentials of the wiggler and radiation fields,

a key parameter in many applications. We have studied with - I e the charge and m the mass of an electron
a high-power, finite-pulse FEL with a 3D, axisymmet- with energy y"nc 2 , B, the amplitude and 2ir/k. the

ric. time-dependent code. Comparison of the radiation period of the wiggler. The electron phase relative to the

at the wiggler exit for several tapering rates confirms ponderomotive potential is J, and (...) denotes a
the increase in power enhancement with faster tapering beam-average. The optical vector potential is repre-
rates. Surprisingly, this improvement is not primarily sented by A expliwi(z/c - t)&,1/2 + c.c., where A(r, t)

due to an increase in the peak intensity within the is a slowly varying amplitude, w the frequency and i
pulse, rather, it is due to an increase in the radiation the unit vector along the x-axis. The real part of 1L

spot size. It turns out that the extra energy extracted governs the refractive effect and the imaginary part
from the electron beam is spread over a larger cross describes the gain. Their combined role in the evolution
section due to a reduction in optical guiding [5]. of the radiation spot size r,(z, t) is expressed by the

Two causes of guiding [1-3,6-121, gain focusing and envelope equation [11]
refractive guiding, have been distinguished based on the r.'+K2(Z, t, r., Iaol)rs -O, (2)
notion of a complex refractive index [91. In general (
these two participate simultaneously and their com- K2 -(L) [-1+ 2C cos fr + C 2 sin2 jr

bined effect on the spot size can only be ascertained via 4)
the envelope equation for the radiation beam in an FEL + 2C, S

[11]. We find that refractive guiding, which dominates 2c . sin 4r r4,

gain focusing, diminishes as the tapering rate is in- where a0 is the amplitude of the fundamental Gaussian
creased. As a result the wave fronts become more con- mode, C - (2 1 b/1 7 Yf)Ha,,/ ao j, ' 8/8z + c- a/at,
vex and the spot size increases. Ib is the beam current in kA, H, which is a form-factor

related to the transverse profile of the electron beam, is
roughly a constant and close to unity herein, y, is the
relativistic factor for a resonant electron, and J, is the

Permanent address: Science Applications Int. Corp., Mc- resonance phase approximation for (<). The - 1 in the
Lean, VA, USA. expression for K 2 is due to vacuum diffraction.

Elsevier Science Publishers B.V. (North-Holland)
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2C cos 4 contributes to refractive guiding arising from 22 - I
the real part of pt, the third and the fourth terms, due to X O-"
the imaginary part of it, contribute to gain focusing. 1.0
The relative importance of these will be discussed along
with the simulation results in the following section-. 1.4

1.0

3. ResdW and &hcsnimin
S0.0 1.0X

The code employs the method of source-dependent 0. N 05s
expansion 11L, using Gaussian-Laguerre functions to Z
evolve the optical field (131 Betatron motion in awig- wi g-
gler with parabolic pole faces is included. The initial W 2 (b)

electron distribution is parabolic along the axial direc- >aX 1.- j
tion and in the transverse plane. The parameters for the 1

computations, appropriate for an FEL amplifier based 1.4

on an rf linac [141 are listed in table 1. The input power n
is sufficient to initially trap all the electrons. The taper- Z 1.0
ing of the wiggler field, commencing at the entrance, is - 0
obtained by prescribing a constant rate of decrease of 0.6-1.0
electron energy, dyr/dz < 0. N 0.5

For brevity, the results for only two tapering rates 0.2
will be discussed. Case (a), -dy,/dz- 0.1 m-1 (,= 0 1.0 2.0 &0 4.0
1.80), has a slow taper, and case (b), -dy/dz- 1.3 z(MM)
m-' (4, -18°), has a fast taper. Fig. 1 shows the Fig. 1. Vector potential a(zr)-0 1andlinearelectronden-
profiles of the optical pulse I a(z, r = 0) 1 and the elec- sity N(z) at wiggler exit. (a) Slow tapering rate. resonance
tron pulse at the end of the wiggler for cases (a) and (b). phase 4 - 1.8, case (a); (b) rapid tapering rate, resonnce
Note that the peak intensity(- 1a 2 )is about the the phtaa =18,case(b).Notethat temty •Ial2.
same in both cases. The asymmetry of the optical pulse
is due to the slippage of the electrons, which causes a
greater amplification of the trailing side of the optical 55.0- (a) _
pulse as compared to the leading edge. Fig. 2 shows the
longitudinal profiles of the power in the radiation pulse 45.0 -
for cases (a) and (b). Note the clearly enhanced power
in the rapidly tapered case (b). Taking account of 5.0-
the finite transverse extent of the pulse, the slippage
over a wiggler of length L is L[(1 + a.2/2)/y2 - 25.0

(•c/wr,)2/2 -1 mm, where the second term is due to
transverse effects. This is comparable to that observed 15.0 .
in fig. 1. Fig. la also illustrates the growth of sideband 5.0
modulations from the leading to the trailing edge of the

55.0 (b)

Table 1
Parameters for a high-power, rf-linac FEL 45.0

Energy yMw2  175 MeV 35.0
Current lb 450 A
Normalized edge emittance 153 mm mrad 25.0
E-beam radius 1 mm
E-beam pulse length 6.7 ps 15.0
Winer fidd B,, 6.4 kG
Wiggler period 2q/k,, 4.7 cm 5.0
Wiggler length L 42 m 0 1.0 2.0 3.0 4.0

Radiation wavelength 2lfc/,o 1 Pm z(MM
Initial spot size r, 1.25 mn
Peak radiation input power 450 MW Fig. 2. Radiation power in GW at wiggler exit. (a) Slow taper,

case (a); (b) rapid taper, case (b).

1Il. THEORY
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I I I 1.2x 10-7
1.6 (a) 16.0(a

1.0

112.0 04

0.8 8.0 0.6

0.4
0.4- 4.0 Lu

b.-

E. 0 0 > 7 0

UI - 1.2x 10-'W (b w (b)
1-1.6 - () 16.0 •eI- 1.0.-

0.6

0.8 -8.0
0.4

0.4 4.0 0.6

0 0 0

0 1.0 2.0 3.0 4.0 1.0 2.0 3.0 4.0

z(mm) z(ma)
Fig. 3. Spot size r(z) and normalized curvature a(z) at Fig. 4. Rea part of refractive index I(z. r 0)at wiggler exit.

wqie exit. (a) Slow taper, case (a); (b) rapid taper, case (b). (a) Slow taper, case (a), (b) Rapid taper. case (b).

optical pulse. Note the sharp reduction in the modula-
tion of the pulse in the more rapidly tapered case (b), as

in a recent experiment [15]. 3.0x10-& - (a)

Fig. 3 shows the radiation spot size r,(z) (solid line)
and wave-front curvature a(z) (dashed line), with a(z) 2.0.

normalized to ir,2/2c. Note that in the region where 1.0
the field amplitude is significant the spot size is much
smaller than in the surrounding regions where a = 0, 0

and r, and a evolve as in vacuum. Note further that for -1.0
case (a), shown in fig. 3a, a= 0 within the pulse,
indicating roughly planar wave fronts. On the other -2.0
hand, for case (b), shown in fig. 3b, a > 0, indicating -3.0
that the wave fronts are convex everywhere. M f I I

Figs. 4 and 5 show the real and the imaginary parts Q 3., 010- - P
of p(z) at the end of the wiggler. Comparing figs. 4a
and 4b it is apparent that Re p is significantly larger in 2.0
the former, case (a). On the other hand, noting that
Im u < 0 corresponds to gain, fig. 5a indicates that the
net gain is approximately zero after averaging over the
synchrotron modulations, whereas the more rapidly
tapered case (b) of fig. 5b is seen to have a net gain in
the region where the optical field is significant. -2.0

The implication of these results with regard to the
spot size may be ascertained by a consideration of the
terms in K' in the envelope equation, eq. (2). Taking 0 1.0 2.0 3.0 4.0
account of the fraction of trapped electrons, one finds z(-m)
that in going from case (a) to case (b) the gain-focusing Fig. 5. j(z, r - 0) part of refractive index imaginary at wiggler
term C2 sin2j, increases from 2.4 x 10-3 to 7 x 10-2. exit. (a) Slow taper. case (a): (b) rapid taper, case (b).
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The other term, (,j/2c)r.C' sin J, changes from -4.4 optical guiding. The net effect is the increase in the spot
X 10-3 to - 2.4 X 10-2, the negative sign indicating a size and the curvature observed in fig. 3b as compared
defocusing contribution. On the other hand, the refrac- to fig. 3a. In other words, the wave fronts become
tive guiding tem 2C cos J, decreases from 3.1 to 1.6. increasingly convex with faster tapering rate
The increase in the magnitude of the gain focusing Fig. 6 summarizes the results for the nine tapering
terms in going from case (a) to case (b) is principally rates -dy,/dz-0.1, 0.3, ... , 1.7 m- 1, corresponding
due to the increase in 4. Concurrently, the 50% reduc- to 4,=1.8¶, 3.5 .... 350. Beyond -dy,/dz-0.3
tion in the refractive guiding term is due to theincrease m- , the amplitude I a I is fairly constant up to - dy,/
in IaoI and the decrease in a,. Since the refractive dz- 1.3 m-', after which it decreases. However, there
guiding term is the dominant term, the reduction in its is a near-monotonic increase in the spot size. Therefore,
value leads to a decrease in K 2, and hence to reduced it is the increased transverse extent of the optical field -

2.0 --

0S

m,- 4.0

2.0 --

0

LU -4

U..

10
CL 1

-o2 ._

. 0.4 -2 6

2.0

F-

0 0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7
- o•1,r dz (m- )

Fig. 6. Summary of results for various tapering rates -d-t/dz. Efficiencies are obtained from total energy in optical field. For other
quantites, ordinate values correspond to peak-power point along the pulse, which varies somewhat between the different tapering

rates.
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10-4 t 4. Cnlse
(a)

We find that tapering does not significantly affect
10-5 -the peak intensity in an FEL. Power enhancement is

accomplished by spreading the radiation into a larger
cross section due to reduced refractive guiding. It should

S0o-' be remarked that tapering can lead to an increase in the
intensity if the spot sin is held constant. From the
envelope equation it can be shown that this may be

Sachieved by suitable "tapering" of the electron beam
10-7- radius. For a tapered FEL with the paraimeters herein.

2 10-4 ,distortion of electron orbits due to tapering is observed
cc to be a significant cause for the reduction in sideband
Wa amplitude.ir
S10-5

1o-6 •At

The authors are grateful to Drs. T.F. Godlove, 1.
Haber, W.P. Marable and C.W. Roberson for valuable

10-7 suggestions. This work was supported by ONR through
the National Institute of Standards and Technology.
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FINAL REPORT-THE NL MODIFIED BETATRON
ACCELERATOR PROGRAM

I. Introduction

This final report summarizes important experimental results from the NRL modified

betatron program and documents its status at its termination on July 17, 1992. The

objective of this program was to study the critical physics issues of the concept and to

accelerate a I kA electron ring to 20 MeV with subsequent extraction of the ring. Critical

physics issues associated with the concept are self field effects, image forces at the walls of

the vacuum chamber, ring equilibrium, ring stability during acceleration, beam injection

and finally extraction.

At the time of its termination the trapped current in the NRL device was in excess

of 1 kA and the electron energy, as inferred from the main x-ray peak, above 20 MeV.

Even more importantly, the NRL research effort furnished valuable information on the

various critical physics issues of the concept. Twelve years ago i.e., at the commencement

of the modified betatron program very little was known about the physics of high current,

recirculating accelerators. Today, there is a solid, well documented, although incomplete

data base.

During its life span, the NRL program addressed both theoretically and experimentally

several important physical processes associated with the high current circular accelerators.

Currently, the majority of these processes is reasonably well understood. However, there

are some experimental observations, such as the toroidal distribution of the beam losses

when the twelve resonant coils are activated, which, as of today, remain without a complete

explanation. In addition, a critical physics issue, the extraction of the beam, has been

addressed experimentally only temporarily and its data base is very limited.
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Our experimental effort to develop a beam extraction scheme from the modified be-

tatron accelerator proceeded at slower than expected pace, mainly because the technical

approach had to be modified a few months before the termination of the program. In 1988,

an extraction technique was reported by the NRL research staff that is easily realizable

and has the potential to lead to high extraction efficiency. The hardware for this mainline

extraction approach was designed and fabricated. However, it was never installed in the

experiment because it requires a beam with low transverse velocity, since the aperture of

the agitator is small. There is evidence that the beam in the NRL device has substantial

transverse velocity caused by magnetic field disturbances. As a result of this difficulty, we

had to pursue some alternate extraction approaches that do not require beams with low

transverse velocity.

The alternate beam extraction approaches had to be terminated prematurely with the

shutdown of the program. Still, these incomplete beam extraction studies have furnished

some very interesting data on the toroidal beam loss distribution and the dependence of

the beam loss rate on the amplitude and risetime of the current pulse that powers the

twelve kicker coils. These results are discussed in Section We.

Although the conception and subsequent development of the modified betatron accel-

erator was motivated by defense oriented applications, it is likely that this device will be

useful in some areas of civilian economy. As a result of its compactness, light weight and

high-current carrying capability, the modified betatron can generate very intense electron

beam that can provide high dose rates at reduced unit irradiation cost.

In this report, we have compiled several publications written by the NRL-MBA re-
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search staff, which cover the highlights of the experimental effort. In addition, we have

included recent unpublished experimental results. The bulk of the theoretical work is not

included. This work is adequately documented in the published literature1 . The Appendix

provides a list of all the publications, both theoretical and experimental, written by the

NRL research staff on the MBA and other similar accelerators.
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I. Historical Background

The modified betatron accelerator was the major component of the Advanced Accel-

erator Program (AAP) that formally started in FY 81. However, preliminary work on the

modified betatron concept2 was done before FY 81. At its commencement, the AAP was

a Special Focus Program (later it was renamed Accelerated Research Initiative) and it was

jointly supported by ONR and by in-house funds.

During FY 81 the modified betatron concept went through intensive theoretical eval-

uation. The objective of this evaluation was to assess the viability of the modified betatron

as a high current accelerator and to derive a set of scaling laws that can be used in the

design of the device.

The extensive theoretical and numerical studies were reviewed by the Modified Be- S

tatron Review Panel that was convened at NRL by Dr. T. Coffey on November 19 and

20, 1981. The panel made several recommendations. Probably the most important was

the conceptual design of a proof-of-principle experiment. A key excerpt from the Panel's •

report.

As a general remark, the panel was impressed by the very high

quality of the NEL presentations and technical programs. The techni-

cal progress during the past 11 months has been substantial in all areas,

and provides a strong basis for expecting continued steady progress in 0

the equilibrium, stability, injection and extraction properties of the

modified betatron. While virtually all aspects of the high current

modified betatron provide a very difficult technical challenge, it is the

4



strong recommendation of the panel that NUL proceed immediately

with the conceptual design of a proof-of-principle experiment. The

conceptual design should be completed no later than November 1982,

with construction project approval to follow a design review at that

time.

During the concept evaluation phase, it was brought to our attention that Donald

Kest3 in the U.S.A. and John Lawson3 in England have added weak toroidal fields to

conventional betatrons" to increase their current carrying capabilities. However, these

quick experiments produced inconclusive results. In addition, in 1968 a USA patent was

obtained by P.J. Gratreaus for a betatron with a toroidal magnetic field and a radiai

electric field for deflecting the injected beam. The importance of the space charge effects

is not addressed in Gratreau's patent. These effects have been included in an unpublished

work by A.G. Bonch-Osmolovsky.5

A device similar to the modified betatron is the plasma betatron. In the modified

betatron the high current circulating beam is generated by an external source and space

charge effects and images on the wall play a dominant role in the confinement of the

electron ring. In contrast, in plasma betatrons the circulating electrons are plasma runaway

electrons and are produced from the plasma that fills the vacuum chamber. The space

charge of the electron beam is neutralized by the background ions and thus does not play

any role in the confinement of the beam. Suggested initially by Budker7 , the plasma

betatron was investigated by several groups including J.C. Linharts and C. Maisonnier,

Rlynold and Skarsgard9 and more recently by Rostoker's group"0 . The MBA Preliminary
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Design Review Panel met at NRL on December 7 and 8, 1982 and made several general and

detailed recommendations and approved the construction of the apparatus as presented 0

by the NRL research staff, but under two constraints.

At the time of the review the objective of the modified betatron program was the

formation of multikiloampere (5-10 kA) electron rings with subsequent acceleration from

3 to 50 MeV and the study of critical physics issues of such rings.

The most pressing Physics issues of the modified betatron concept, at the time, were:

1. Is it possible to efficiently inject a high current beam in a toroidal device?

2. Do equilibrium states exist for a high current ring?

3. Are these equilibrium states stable on the time scale of interest?

4. Is the orbit displacement resulting from the energy mismatch manageable?

Since a high quality 3 MeV, 10 - 20 kA injector accelerator required substantial devel-

opment and could not be obtained at an affordable cost and in order to reduce the risk and

the cost of the program, the initial objective was modified on March 29, 1983. According

to the reformulated program the development of the modified betatron should proceed in

two phases, with the following objectives:

Phase A: Formation of 1 kA, 1 MeV electron ring in a modified betatron configuration -

using an inexpensive vacuum chamber. Without accelerating the ring (DC ring

experiment) study the critical physics issues associated with the concept, such

as injection, equilibrium and short time stability.
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Phase B: After the installation of a new vacuum chamber accelerate the ring to 20 MeV

and study the critical physics isses associated with the acceleration, such as

long time ring stability and radiation losses.

The construction and assembly of the accelerator was completed on February 11, 1985, and

the testing of the various power systems on April 20, 1985. The first injection experiments

started on April 22, 1985.

Phase A, i.e., the DC ring experiment was completed on July 29, 1986. Specif-

ically, electron rings were formed with circulating current between I - 3 UA. The DC

ring experiment has provided some valuable information on the physics of high current

rings.1 1, 12

In relation to Phase B, a substantial effort was made in the development of an inexpensive

vacuum chamber. The novel chamber made of epoxy reinforced graphite fibers was installed

in the experiment in the Summer of 1987. Attempts to accelerate the beam over a one

year period, i.e., between the summer of 1987 and the summer of 1988, were unsuccessful.

The ring confinement time was limited to a few microseconds, too short for imparting any

measurable energy to the beam.

In August, 1988, the decision was made to proceed immediately with the de-

sign, fabrication and installation of strong focusing windings13, 14 in the device. At the

time, Omicron Technology, Inc. had completed the design of a strong focusing system

for the MBA. However, the cost (~ $ 700k) and the time requested by the contractor to

complete the fabrication and installation of the strong focusing system (- 40 weeks) were
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not compatible with the budget and time schedule of the MBA. Thus, we decided to de-

velop the strong focusing system in-house. The installation of the stellarator windings was

completed in December 1988. The next few months were invested to assemble the power

supply for the SF windings and to carry out experiments with runaway electrons. The

experiments with an injected beam were initiated in April 1989. Within approximately

two months, i.e., when the Technical Review Panel convened at NRL by Dr. S. Ossakow

on June 27-28, 1989, to review the program, the trapped current was - 0.5 kA and the 0

beam energy" - 10 MeV.

The Technical Review Panel made the recommendation that NRL management

continues the MBA program for two more years, as it becomes apparent from the following

excerpt taken from the Panel's report.

The Committee was impressed by the significant

technical progress made during the past several months with

the addition of a helical strong focusing field in the NRL

modified betatron experiment. Dr. Kapetanakos and the

entire experimental team are to be commended for achiev-

ing the difficult milestone of 10 MeV at 0.5 kA. It is antic-

ipated that the improved physics understanding associated

with these experiments will be substantial.

Needless to say, the recent experimental results had

a favorable impact on the Committee's assessment. It is rec-

ommended that Laboratory management give high priority

8



to continuation of the modified betatron program, at least

through the concept demonstration phase (20 MeV at I kA,

including extraction) over the next twenty-four months.

The spiky x-ray signals prr'-ed by the lost electrons in the NRL device could

be explained either by the cyclotron resonances or the cyclotron instability.15 However,

measeents of the magnetic field components of the electromagnetic modes inside the

toroidal chamber have shownl6 that the amplitude of these modes was too small to excite

the cyclotron instability. Thus, the definite conclusion was reached that the cyclotron

resonance was the dominant beam loss mechanism.

During the next several months that followed the June 1989 review a concerted

effort was made to locate and eliminate the field disturbances that may excite the cyclotron

resonances. 17 As a result of this effort and also by increasing the strong focusing and

toroidal magnetic fields, the beam energy was raised above 20 MeV while the trapped

current was in excess of 1 kA.

In late spring-early summer, 1991, while the beam dynamic stabilization exper-

iments with twelve resonant coils were underway, we observed that th3 beam could be

kicked out of the magnetic field of the device within a time interval that was comparable

to the risetime of the current pulse that powered the resonant coils."8 , 19 Three current

pulses with risetimes 12, 5 and 0.4 psec were used. With the 12 ,Isec risetime current

pulse the FWHM of the x-ray signal was reduced from approximately 900 sec to only 8

gec, i.e., by more than two orders of magnitude while its amplitude increased by a factor

of thirty.

9



Extensive studies of the spatial distribution of beam losses when the resonant

coils are energized with the 0.4 Assec current pulse have shown that the beam strikes the

wall at six very well defined toroidal positions that are 600 apart. Rotation of the vacuum

chamber and thus of the strong focusing windings that are attached to the chamber by 30°

as well as an t = I small radial displacement of the chamber had ne effect on the beam

distribution.1 9 However, in the absence of the strong focusing field when the resonant coils

are energized, the experimental results show that the beam strikes the wall at a single S

toroidal position near 0 = 700.

Although the fabrication of the hardware for the resonant extraction2 0 approach

that was the mainline extraction scheme for the NRL device was completed by the end of

FY 91, the resonant extraction was never tested experimentally. The reason is that this 0

extraction technique is based on a single agitator with a very small aperture. Therefore,

it requires a beam with low transverse velocity. However, this was not the case in the

NRL experiment. The amplitude of the various field imperfections never was reduced to

a low enough level to make the transverse velocity of the beam compatible with the small

aperture of the agitator. To avoid this difficulty we had to invent a new agitator with large

aperture. Among the various kickers considered, magnetic cusps were found to be the most

promising. Extensive numerical studies of several cusp configurations have shown that a

single layer, 24.2 cm long cusp surrounded by a resistive shroud could provide sufficient 0

displacement to the beam over a 20 nsec time period. Unfortunately such a cusp could not

be fabricated on time and thus we had to proceed with an inferior agitator that is based

on three double cusps that are located 1200 apart in the toroidal direction. This agitating

10



system was fabricated in-house and tested in the experiment for a short period of time

just before the termination of the MBA program. These incomplete results are discussed

in Section WVe.

Table I lists most of the important dates in the history of the MBA program

and Table I1 lists the names of the technical staff on November 15, 1991, i.e., the day NRL

decided to terminate the MBA program.
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S

MI. Experimental Results Before the Installation of Strong Focusing (1985 -

1988). 0

This Section briefly describes the highlights of the experimental effort before the

installation of the strong focusing windings. To make these results meaningful to the

reader who is not familiar with the modified betatron, a short theoretical introduction has

been included that addresses the transverse dynamics of the electron ring. Although the

initial studies2 -23 of the transverse electron ring dynamics were based on the linearized

equations of motion, here we have adopted a different approach that was developed later

on and is based on the two constants of the motion.2 4 The latter approach has several

advantages; such as (i) It is easier and thus more transparent, (ii) allows the ring orbits to

be determined over the entire minor cross section of the torus and not only near its minor

axis, and (iii) the toroidal effects associated with the various fields can be included in a •

natural and straightforward way.

a. Beam Dynamics

Consider an electron ring inside a perfectly conducting torus of circular cross section

as shown in Fig. 1. The center of the ring is located at a distance Ar, As from the minor

axis of the torus. The kinetic energy 'Vm2 of a reference electron that is located at the

position r, z varies according to the equation

e W ) (1)

where E (rz) is the total electric field at the position of the reference electron. The electric
i

field is related to the space charge 0 and magnetic vector potential A by

16
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*f(r,Z) al - -- (2)
&8t'

where the total time derivative of * is given by

d -+ v,. (3)

For the problem of interest, the accelerating and self fields vary slowly in time and thus it

is a reasonable appr imation to assume

aS at (4)

Combining Eqs. (1) to (4), we obtain

d'y(r,z) lei dI(r,z) 0
dt mc2  dt

or, after integration

lei , Id
(,z) - ; (r, z) = constant. (5)

According to Eq. (5) the sum of the kinetic and potential energy of the reference

electron is conserved. In a subsequent more accurate calculation14 the approximation

of Eq. (4) has been relaxed. It has been found that the partial time derivative of the

potentials contributes a small term that is proportional to V/-y2.

Since the fields of the modified betatron configuration are independent of the toroidal

angle 0, the canonical angular momentum P. is also a constant of the motion, i.e.,

17



Ps = -YMr*e - Le- rA* = constant, (6)
C

where As is the toroidal component of the total magnetic vector potential and ve is the

toroidal velocity of the reference electron. Assuming that ve f v and eliminating -y from 0

Eqs. (5) and (6), it is obtained

L'+ - ( m sA(r,z)] 2 + i - = Constant, (7.)

or, at the centroid of the ring

PO +l/-A--(RZ)J 2 +1 1} _ lei#(R,Z) = constant. (7b)

For very high energy beams, i.e., when -92 1, Eq. (7b) is reduced to

+ -I [Ao(R, Z) - f(R, Z)J = constant. (7c).

This non-linear conservation law can furnish very useful information on the slow (drift)

motion of the ring in the rz plane, provided that the potentials A* and 4 at the center

of the ring are known. It should be noticed that Eqs. (7) are independent of the toroidal

magnetic field. This is a consequence of the assumption that v •, ve, i.e., to the omission

of the fast motion of the electrons.

In Eq. (7), the total magnetic vector potential As (rz) is

Ae(r, z) = Ar"(r, z) + A;"' (r, z),

18
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where AO*(r,z) is the external and AT'Ol(rx) is the self magnetic vector potential.

It is assumed that the betatron magnetic field is described by

A t (r,,Z) = Bo. [ o2-n r (2-n) 2 ' (8)

where B,. is the magnetic field at r=ro, z=o and n is the extenal field index, i.e.,

For a cylindrical electron beam inside a straight, perfectly conducting cylindrical pipe,

the self potentials can be computed exactly, even for lauge beam displacements from the

minor axis. In the local coordinate system p, # the self potentials inside the beam, i.e., for

I'- z•I _ rb are siven by

Aa _ [p2 + A2  2pAco(o- a)]Aj•1(p,•)--1,8 {1/24 l

-2IeN~e 2+6 2rb2

-•(•,' ~ Co (4-) -,,+-°, a)
and

-=-2jejN 1/2 + 2In!.- [p2 + A2 - 2pAcos(# - a)]
trb 2rb,

_+.+, ' (),•,_•, _•,-,(o _a)}(.

At the beam center, i.e., for p A A and + - a, Eqs. (9a) and (9b) become

AC 1'f(RZ) = -2IcINefP* (1/2 + In. + tn[l (R - ro)2 +Z 2 } (10a)

19



and

"f(R,Z) = -2IeINe 1/2 "" -a + ,ni1 _ ((ob)

where N1 is the linear electron density, rb is the minor radius of the beam, a is the minor

radius of the conducting pipe and q -- vl/c.

. To obtain a better understanding of the potentials inside a perfectly conducting torus,

we solved the differential equations for 4 and X to first order in the ratio a/R, but to any

order25 in the normalized displacement A/a. For a constant particle density n. ring and

to second order in A/a, the electrostatic potential at the center of the ring is given by 0

(R, Z) ft -2NIlel [1/2 + ln(l/r') - (R z2
a2

r,' (R -r.o)]
8a2 R ('

and for Je-= constant, the stream function ip is

(R,Z) t-- -2NeejR. [1/2 + Ln(a/rb) - ( a-2_)__+ ___ - &-_r_ ) ]

Similarly, the image fields at the centroid of the ring are given by

E,= 2°j(R-r) + ( I + ,b (12a)
a a i"R- 8RaJ

Ex= 2IeIN1 Z (12b)\a/C
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*el - 2IeINLe(Z) (12c)

and

- [ (2) (in! + 1) + for Joe constant.

(12d)

The toroidal term in Eq. (11) is very small for the parameters of interest and therefore

the potentials at the center of the ring are approxmately cylindricaJ. 2 4 For low energy rings

the small toroidal term could be important and may have a profound effect on the shape

of the orbits. However, when -y ; 1, the potentials for n. = constant and Jo = constant

become approximately equal and hence they do not contribute substantially in Eq. (7c).

Equation (7b) has been solved numerically, using the potentials of Eqs. (8) and

(11). Typical macroscopic beam orbits in the rz plane are shown in Fig. 2. The various

parameters for those runs are listed in Table IIL Only orbits that are at least one beam

minor radius away from the wall are shown. Each orbit corresponds to a different value of

the constant in Eq. (7b). A striking feature of the results is the sensitivity of the orbits

to the value of the constant.

The number marked in every fourth orbit is equal to 104 . [constant - < constant >1,

where the average value of the constant, i.e. < constant> for each run is shown at the

top of the figure. For all the cases tested, less than 3% change in the constant of the

motion was sufficient to generate orbits that extend over the entire minor cross-section

of the torus. Orbits shown with solid lines correspond to a constant that is greater than

21



<constant> and those shown with a dashed line correspond to a constant that is less than

<constant >. All the orbits close inside the vacuum chamber. However, a fraction of them 0

lie inside the annular region that extends from the dotted-dashed line to the wall. This

region has a width that is less than the beam radius and hence part of the beam will strike

and wall.

In the general cue, it is difficult to derive an explicit expression for the ring orbits in

the transverse plane from Eqs. (7b) and (11). However, in the limit 9 y 1,>3e/5 - 1 and

v/-y < 1, such an expression can be obtained near the minor axis of the torus.

Assuming that fe =# and since -yO - y - 1/2 7, Eqs. (5) and (6) give

P e l ____ , lel el, :__) 1
me + -el czt + l e + - = constant = G. (13)

me c-2  'A I) 2-1 (3

Expanding -y near r. and using Eq. (5), it is obtained

6= = --- Ar+ G Ar,

TnC ar o r

where Ar = R - r.. It is shown later on that -j,. = 0 and thus the above equation

becomes 0

leta'I A

Iej Ar. (14)

From Eqs. (Ila) and (11b), the difference in the self potentials can be written as

C a _(Ar
2 +,AZ 2) r~ Ar2

A;s 1 I- 4= 2Nelej 1/2+n A+ A r (1-_). (15) I

22



Since

I -# 1--0= 1/212 and substituting 6-y from Eq. (14) in the expansion for 1/-y2, it is

obtained

1 1 11-- 2-•2I T jej c%[, Ar]. (16)

Similarly, expanding 1/2 -y as

1 1 tel Ar, (17)
2-y 2/Yo 2-'ymc2 ar lr

and 1/R as

11 Ar 1 r) 2,

SA (1 )ll - -- + (18)r. To r

and using a linear expression for the external vector potential

A" -- Borol + Ar 2 (1- n) Az2n. (19)
2r02 + 2r'(19

Eqs. (13) to (19) give.

Pe 2 'r2 floZtr 1()1 2 )

f + +zr n)•) ='r 01 , n(20)
~mcr0  2c w70 2 2. 'YG \oJ

where Ar = R - r0 , Az = Z, C• is a constant, that is determined from the initial conditions

and L' is the Budker's parameter.
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Equation (20) describes the ring orbits near the minor axis, when -y• 1. These

orbits are centered around the minor axis of the torus when the coefficient of the (A')

term is zero, i.e., when

mc 0  2'yO \2 a/ rb J mcro

For (rb/a)2 < I and -y. "> 1, Eq. (21) predicts that P'- f 0. Therefore, the orbits are

circular when the external field index is approximately equal to 0.5, in agreement with the

computer results shown in Fig. 2.

Equation (20) can be writtern as: 0

(,ý Z)2 (r G)

_) + 12 (ý_(- (26Porr) n2 (22)q , r o r . "ro r .

where

= 1- n - n* + 2Pe/mrOlMo

q2 = n - ,

and

2 a2 ezt.

n= 2vroc/rYoa. No •

According to Eq. (22), the macroscopic beam orbits are stable, provided q, q2 > 0.

Figure 3 shows the product qlq2 as a function of n*. Since n" - Ib/-yo3, the parameter n"
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decreases rapidly during acceleration. Therefore, in order to avoid crossing the unstable

* region (q9q2 < o) when %1e increases, it is necessary to select the beam parameters during

injection so that n" is located to the left of the unstable region.

The extreme of Eq. (5) furnishes useful information on the dynamics of the ring in the

r-z plane. First, we will show that this extreme is the radial balance equation of motion

for the reference electron.

Setting the partial derivative of Eq. (5) with respect to r equal to zero

8'• Iela -o
e-- at = 0, (23)

and using the relation -y = (1 + #2-y2)1/2 and Eq. (6), we obtain

'11 +, el aAt" + elaA•
PO _Le + L + ] (24)

Tr [2M2 Or m2 Or

where we have assumed that P = v/c is approximately equal to P# = ve/c.

Substituting Eq. (6) into Eq. (24) and using the equations

B."t r+Az-t + -At (25a)

OCr
Be!-A7": OAj'eI

S - +

and

E, '(25c)
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it is obtained

--yY1 =J -lel[E,. + 1-B'+ Be"ii)], (2)
7 C

i.e., the radial balance equation. This equation gives the equilibrium position of the ring,

which is located along the 4r axis. At this position the reference electron at the centroid

of the ring moves only along the toroidal direction, i.e., vr = v, = 0.

When the equilibrium position is at r = r., the toroidal velocity of the reference

electron can be determined from Eqs. (6) and (21) and is

r.o/%g, - .[(Zk)2 + &A]
VOo = + +X"(1/2 + n•)l " (27)

With the exception of the very small term on the numerator, Eq. (27) is the same with

the expression reported previously21 , 22 for beams with square current density profile.

The external magnetic field Bc t required to confine the ring at r = r. and be readily

found from Eq. (27). Omitting the small term in the numerator of Eq. (27), we obtain

E = B*[1 + -(1/2 + fn)], (28)
'o Yo rb

where the single particle magnetic field is B,#o 2= &-L m2

The magnetic field required to maintain the beam at an equilibrium position that is

different than ro can also be determined from the radial balance equation. Substituting

Er and B'oe' from Eqs. (12a) and (12d) into Eq. (26), it is obtained
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* Bxt = :P, 1 + 2P-1/2 + +R(R - rb2(29)
1 1 r, a2 (106)2 +42(p1)211

Equation (29) has been derived under the assumption that v is not a function of R.

As a consequence of the assumption that 46# = P and -yO = -Y, the fast motion of the

electrons has been neglected. This effect can be taken into account either by using the

exact equations of motion or the relativistic guiding center equations of motion. It can be

shown from the guiding center equations with lineor external fields but non-linear image

fields that for symmetric orbits with their center on the minor axis, the square of the

bounce frequency 2 is given by

2 Y 1-n -1 + a2. - 2

(1-n # +2-y3 a - )2( )] (30)

with

f-l,*r0 = 1+ 2 •• +L (+ . i+ a +•+, 1 -e . (31)

'y6c2 -y2 2)

In Eqs. (30) and (31)

#8 2 1 1 + a 2 I2 Ib(kA)

42 = 1 - J and a = vd/ve, where v•. is the transverse velocity component that is

due to the fast motion.
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b. Description of the Experiment and Results

In its initial form, i.e., before the installation of the strong focusing windings, the NRL

modified betatron comprised two different external magnetic fields; the betatron field that

is a function of time and is responsible for the acceleration of the electrons and the toroidal

magnetic field that varies only slightly during acceleration"7 . Figure 4 shows a photograph

of the experiment.

The NRL modified betatron is an air-core device. Both the local field and the magnetic

flux are produced by eighteen circular coils that are connected in series. Their total

inductance is approximately 5301H. The coils are powered by an 8.64 mF capacitor bank

(48 capacitors each having 172 ;F nominal capacitance) that can be charged up to 17 kV.

At full charge, the bank delivers to the coils a peak current of about 65 kA. The current

flowing through the coils produces a field that varies sinusoidally with a quarter period

risetime of 2.6 msec and an amplitude on the minor axis at peak charging voltage equal

to 2.1 kG. Immediately after the peak the field is crowbarred with a 4.5 msec decay time.

T - flux condition and field index are adjusted by two sets of trimmer coils that are

connected in parallel to the main coils. The current through the trimmers is adjusted with

series inductors. Typically - 10% - 15% of the total current flows throught the trimmers.

The toroidal magnetic field controls mainly the minor cross section of the electron ring

and the growth rate of several unstable collective modes. This field is generated by twelve

air-core, rectangular coils that are connected in series. The coils are made of aluminum

square tubing and have a 150 cm height and 135 cm width. The total inductance of the

twelve coils is - 85 uH and are powered by a 34-mF capacitor bank (85 capacitors each
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having 400 IAF nominal capicitance) that can be charged to a peak voltage of 10.6 kV. At

0 peak voltage, the bank delivers to the coils ,- 214 UA. This current produces a field that

varies sinusoidally with a quarter period risetime of 2.3 msec and an amplitude on the

minor axis in excess of 5.0 kG.

Demountable, high current joints allow removal of the outer legs of the coils. The high

current density, low bolting force joints are attainable with multilam. The number and

size of the coils has been selected in order to attain tolerable field errors. The discreteness

of the coils produces a periodic field error that has all three components, i.e., ABe, AB,

and ABT. Recent measurement of the ABr component with an accurate probe2 have

shown that its average value over a 300 span at r=105 cm is -- 0.2 % of the toroidal field.

Thus, when B# = 5 kG, < AB, >= 25G.

The coils are supported by a stiff structure that consists of two triangular decks, three

aluminum legs, a central tension rod and a central spline. The decks are made of polytruded

0 epoxy-glass beams and stainless steel plates that are not electrically continuous. The gaps

in the stainless steel plates are necessary to avoid circulating currents from the changing

magnetic flux.

Nested among the vertical field coils is the vacuum chamber. The 100 cm major

radius, 15.2 cm-inside minor radius chamber has been constructed using epoxy-reinforced

S carbon fibers and has been briefly described previously. The diode that emits the injected

beam is located inside the vacuum chamber and -S.7 cm from the minor axis. Both the

diode and the generator that powers the diode have been briefly discussed in previous

publications.,'s, 2
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During the first few microseconds following injection, the macroscopic beam motion

in the transverse plane is studied by monitoring the light emitted from a thin (2-10pm)

polycarbonate foil that is stretched across the minor cross section of the vacuum chamber.

The foil is carbon coated on the upstream side to avoid electrostatic charging. Figure 5

shows open-shutter photographs of the light emitted as the electron beam passes through

the foil for various values of the vertical magnetic field. As the vertical magnetic field

decreases, the equilibrium position of the beam, located approximately at the geometric

center of the transverse orbit, also decreases. At B.o f 42 G the center of the orbit is

located very near the minor axis.

Figure 6 shows the vertical magnetic field B,, required to keep the beam at its equi-

librium position Rq for five beam currents 3, 2.5, 2.0, 1.0 and 0 kA. These results have

been obtained from Eq. (26) using the fields shown in Eqs. (12). Although the beam

current varies from shot to shot and there is uncertainty in both the energy and radius

of the beam, the qualitative agreement between experiment and theory is satisfactory. It

is apparent that the image forces from the induced charge and current on the wall of the

vacuum chamber play a very important role and dramatically change the shape of the B.,

vs. R. curve.

The bounce frequency2 2 wv, i.e., the angular frequency with which the beam moves

on the macroscopic orbits of Fig. 2 has been measured in the NRL modified betatron

accelerator under a wide range of experimental conditions. Figure 7 shows the bounce

frequency squared vs. the circulating electron ring current. The solid lines have been

computed from Eqs. (30) and (31) for n = 0.5 and for three values of the normalized
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transverse velocity 8.. The solid circles are from the experiment. It is apparent that

the measured w2 is substantially greater than that predicted by the theory for P.L/P =

0. A reasonable agreement between theory and experiment is obtained only under the

assumption that .L./P = 0.5. As a rule, the measured wE is several times greater than

that predicted by the cold beam theory. A satisfactory explanation of this discrepancy has

been, so far, elusive.

Before the installation of the strong focusing windings, the operating point12 in the

NRL-MBA was to the right of the instability gap (see Fig. 3), i.e., in the high current

regime. The low current regime was inaccessible because the beam could not drift enough

over the first revolution to avoid the injector. It has been shown that an electron beam

inside a resistive wave guide is drag instability unstable 2 9 when its current Ib exceed the

critical current I"t, i.e., when the beam is in the high current regime. The drag instability

is due to the poloidal displacement of the electric and magnetic images that is caused by

the finite resistivity of the chamber wall.

The growth rate r predicted by the linear theory2 9, for (b-a)< 6 < ý/Vb(b- a), is

* (rr/c) = ( (b-a)(z-1 (32)2ir~~ ( b- b I ) z)X1

where 6 is the skin depth, p is the wall resistivity, b-a is the wall thickness, z = Ib/Ic¢it

and Icrt = 4.26(,y*2 - 1)3/2(a/ft) 2 ((kA). The rest of the parameters have been defined

previously. The beam lifetime is computed from

0

to = tn(a/Ao)/r, (33)
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where A. is the injection position.

Figure 8 shows the normalized ring lifetime c t./2rrr as a function of the electron

ring current for several value of %i,. In effect, ct./2wrr. is the number of revolutions around

the major axis performed by the beam before it strikes the wall. The dashed line shows

the number of revolution over a bounce period. When no attempt is made to trap the

beam, only the portion of the solid curves to the left of the dashed curve are meaningful.

According to Fig. 8, the maximum number of revolutions the beam could perform before

striking the wall is limited to about 40. However, we have routinely observed in the

experiment beam lifetimes that were five times longer.

The solid curves in Fig. 8 have been plotted under the assumption that on each curve

the beam electrons have the same kinetic energy, independently of the beam current. This

implies that the voltage on the diode of the injector V4 increases as the beam current

increases. Figure 9 shows the normalized beam lifetime as a function of beam current for

fixed voltage on the diode. This represents a realistic simulation of the experiment. The

dramatic increase in the beam lifetime with beam current is due to the lower growth rate

at lower -y, and also to the reduction of ".t.

Several trapping techniques have been used to trap the beam in the modified betatron

before the installation of the strong focusing windings. All these techniques required that

the beam drifts a sufficient distance during the first revolution around the major axis that

the beam misses the diode. In the three initial techniques, sufficient drift could be attained

only when the beam current was high, i.e., when the beam was in the high current regime.

However, in the high current regime the beam lifetime was limited by the drag instability.
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To avoid this difficulty a technique was invented to enhance the drift motion of the beam

during its first revolution around the major axis12 . This technique was based on the

generation of a pulsed radial magnetic field that would drift the beam radially inward. In

general, all four techniques were not very reliable and introduced additional complications.

In summary, the studies in the MBA before the installation of the strong focusing

windings led to the formation of electron rings with circulating current 12 as high as 3 kA.

In addition, these studies furnished important information on the critical physics issues of

the concept, such as

e demonstrated the beneficial effect of Be on the expansion of the ring's minor radius,

e unambiguously confirmed the bounce motion of the ring, "

9 verified the pronounced effect of image forces on the ring equilibrium,

* confirmed the existence of the macroscopic instability gap and the transformation of

ring orbits from diamagnetic to paramagnetic,

* revealed, for symmetric orbits, that the bounce frequency is several times higher than

the theoretical prediction, and

* shown that, at least for the drift trapping techniques, the low current regime is unac-

cessible.

Finally, these studies revealed that over a wide range of parameters the ring lifetime

was limited to a few psec which is comparable to the magnetic field diffusion time through

the vacuum chamber. Thus, it became apparent from these results that the modified

betatron had to be modified in order to increase the beam lifetime and thus to achieve
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acceleration. In August 1988 the decision was made to proceed rapidly with the design,

fabrication and installation of strong focusing windings. 0

0

0

0
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IV. Results After the InstaiLtion of Strong Focusing Windings (SFW)

a. Background on the SFW

The beneficial effect of the SFW on the confinement of charged particles has been

known for some time. There are two basic configurations: The stellarator13 shown in Fig. 4

10 and the torsatron14 shown in Fig. 11. The stability properties of the stellarator windings

for high current beams have been studied initially by Glucksterns° in linear geometry and

by Roberson 31 et al. in toroidal geometry. The beneficial effect of torsatron windings on

high current electron beams has been addressed by Kapetanakos" 131 et al.

To improve the confining properties of the MBA we considered both configurations.

The stellarator configuration was selected not only because of the small net vertical field

and the lower current per winding, but also because it is compatible with our contemplated

extraction scheme.3 2

Figure 12 shows the orbital stability diagam13 in the rotating frame for an external

field index n--0.5. The two axes are:

U =bP + 2- 4nr2/a2 4)(m+b)2  '

and

V= (Jb) (35) 9(M + b)2'

where

2 22
b = Ego/Bzo, m - -2ar., n. - wb/2-toflso,
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B= E.*earo/Emo,

fl:le.t = 4aflopoK2(2apo), a = 21/L, Bo = f- ,wb is the beam plasma frequency

po is the winding radius, L is the axial pitch, Ist is the winding current, ro is the major

radius and rb is the beam minor radius.

We have decided to select the parameters of the windings in such a way that the

experiment will operate in region 2, because it has been shown that the electron ring will

be stable during acceleration if it is located in this region at injection."1

When B# > 0 and ve > 0, operation in region 2 requires that

0 < U<_ 1-4V, (36)

or

and

( +) 1>r (38)

It can be shown from (37) that m > 0 or m < -2b. For m > 0 and since m = -2ar.,

a < 0 or the windings should be left-handed.

When n 6 1/2, the entire region 2 is not stable. The parameters of the injected beam

should be selected to the right of the dashed line of region 2 (shown in Fig. 13). Along

this line the bounce frequency in the laboratory frame wB = w-- = 0 (instability gap).
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During the acceleration phase this dashed line moves to the left and eventually coincides

with the vertical axis. The parameter V of injection goes to 2/M 2 and thus never crosses

the w- = 0 line.

The exact staUarator field index 13 is defined by

= m 2 + b - - + 11.r~/G' (39)

When mb > m2- 1 + nr2/a 2 , ngt becomes

22 = (n:-.d)2wo
n. - /A = (40)mb 2rl~oreo

Figure (14) shows n.t, n., n.(rb/a) 2 and fi.(rl/a)2 for typical parameters of the NRL

modified betatron accelerator. The index fi.(rb/a)2 scales as -y.I and is applicable after

the wall current induced by the injected beam has decayed. Figure (15) shows the same

indices for rb = 2 cm. It is apparent from these figures that n, > n,t at injection.

It can be shown that in the presence of strong focusing the linearized electron ring

centroid orbit equation in the transverse plane is"4

< PSo > + (1-) (n st) C o)
mcr0  o 4o "o J ( /

+ + *0/•+ n- st,2 CO 2 (o = A, (41)
42~iy2 2c "" 4efleo Jr 0 ) mcr0  Jol

where:

HPo <Pe > +( V (Ina < pe > is the averaged, canonical angular
mcr" mcro /sAy?- Tb 4a2)

momentum over the intermediate freque•xcy,
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"" y is the normalized beam energy at injection, Pei is the normalized beam velocity at

injection and Xi in the injection position. In contrast with Eq. (20), Eq. (41) is not based

on the assumption that 'y2 > 1 and • = =0. The factor of two difference in the

S' in the JP,/mcro term of Eqs. (20) and (41) could be traced to this apprximation.

According the Eq. (41), a beam injected on the minor axis, i.e., Xi = Z= 0 will

remain on the minor axis provided its energy is selected to satisfy the condition

=v .,ao+=

In the NRL device the strong focusing field1 5 is generated by four twisted windings

carrying current in alternate directions. The left-handed windings are located 23.4 cm

from the minor axis and have a 209.4-cm period, i.e., there are three periods over the

circumference of the torus. They are supported by epoxy-reinforced graphite jackets and

have been designed to carry up to 30 kA. The windings are connected in series and the

current temporal profile is controlled by a ballast inductor. Since It, 11o0 and fl]o/f/

remain approximately constant during acceleration, n.g scales inversely proportional to

the relativistic factor -y.
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b. Injection and Trapping

A challenging physics issue of the modified betatron concept was the capture of the

injected beam into the closed magnetic field configuration of the device. For successful

trapping the beam has to drift fast enough during the first revolution to avoid the injec-

tor and also its poloidal orbit has to be modified in such a way that the beam will not

return to the injector after a bounce period. Modification of the beam's poloidal orbit can

be achieved by eit~her changing the equilibrium position of the gyrating electrons or by

reducing the radius of the poloidal orbit.

At the time the decision was made to install strong focusing windings to the device, the

NRL research staff was considering three different trapping schemes. The first was based

on the resistivity of the vacuum chamber's wall3, the second on a localized toroidal electric

field" that is produced by a coaxial pulseline and the third on a pulsed vertical magnetic

field that is generated by conductors14 located inside the vacuum chamber. According

to the linear theory, the resistivity of the wall in the NRL device was not high enough

to provide the required inward shift to the beam over a bounce period. Thus, the first

trapping scheme was ignored. The second, i.e., the toroidal pulseline4 was adopted as the

mainline trapping scheme with the third as a backup.

The toroidal pulseline was constructed and tested. However, it was never installed in

the experiment, because when the current of the strong focusing windings was raised to

a high enough level and the direction of the poloidal orbit was changed from diamagnetic

to paramagnetic the beam spiraled near the -minor axis and was trapped. This interesting

phenomenon has been observed over several thousands of shots and for a wide range of
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parameters. However, its explanation remained elusive until February 1991.

At the beginning of 1991, a series of detailed experiments" were carried out to measure

with accuracy the various parameters associated with the trapping of the beam. As a

result of these experiments a revised model of resistive trapping was developed that is in

agreement with the experimental results.

The predicted decay rate r-1 from the initial linear theory for the parameters of

the experiment was between 15 and 20 psec, i.e., too long to explain the experimental

results. Two modifications were introduced to the original model. First, the analysis is

not restricted to beam motion near the minor axis36 and therefore nonlinear effects and

the fast diffusion times that scale as po(b - a)2 /w 2p, where (b - a) is the thickness of the

chamber and p is the wall resistivity, become important. Second, in order to take into

account the intermediate motion of the beam that has been omitted in the calculation of

the image fields of the beam, the wall surface resistivity was computed using the skin depth

that corresponds to the frequency of the intermediate mode and not the actual thickness

of the chamber.

Results from the revised resistive model are shown35 in Fig. 16. The various parame-

ters for the run are listed in Table IV. Figure 16 (a) shows the projection of the centroid's

orbit on the 0 = 0 plane. Both the intermediate and slow (bounce) modes are apparent.

Since there are six field periods for 0 < 9 < 2r, the electrons perform six oscillations during

one revolution around the major axis. To take into account the intermediate motion that

has been neglected in the calculation of the image fiea'is, the surface resistivity in the code

was computed using the skin depth that corresponds to the intermediate frequency and
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not the actual thickness of the wall.

The solid circles in Fig. 16 (b) show the positions the beam crsses the 0 = 2400

plane. This is a realistic simulation of the experimental situation. The time difference

between two circles is equal to the period around the major axis, i.e., - 23 nsec. The

parameters of this run are similar to those in Fig. 16 (c) and the similarity of the two

orbits is quite apparent. When the crossing plane is moved from 0 = 240° to a different

azimuthal position 0, the beam orbit rotates around the minor axis. The rotation predicted

by the theory is very similar to that observed in the experiment.

In most of the experiments the center of the circular opening of the conical anode

was located at the midplane and 8.7 cm from the minor axis of the toroidal chamber. In

a series of experiments the diode moved to progressively larger radial positions from the

minor axis. Successful trapping of the beam was observed as long as the radial distance

was less than 10 cm.
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Table IV

0 Parameters of the run shown in Fig. 16

Torus major radius r. 100 cm

Torus minor radius a 15.2 cm

Relativistic factor -y 1.5

Winding radius po 23.4 cm

* Winding current I.t 24 kA

Vertical field at injection B.0  26 G

Toroidal field Boo 4 kG

* Beam minor radius rb 3 mm

Beam current Ib 1.2 kA

Wall resistivity 8 mO-cm

* Intermediate frequency, w. 1.8x1OP sec-'
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c. Beam Dynamics During Acceleration
0

Foilowing trapping the beam settles at the radial distance of 98.5 - 99.0 cm and not on

the minor axis, which is located at ro = 100 cm. Since the stellerator windings have been

wound using a simple winding law to = 30, where o is the poloidal and 0 is the toroidal

coordinate, the magnetic axis of the windings is located at r=98.87 cm as shown in Fig.

17. Therefore, this result is not surprising.

0
The x-ray traces indicate that the beam losses are negligibly small between injection

and approximately 200 /ec. Three different diagnostics, magnetic probes, x-rays from

localized targets and fibers, have shown that the beam electrons strike the inner surface

of the vacuum chamber slightly above the nidplane.

Due to the finite resistivity of the vacuum chamber wall the return current induced

by the beam at injection decays within two to three magnetic field loop times to

110a1&11ýft - 2], where a is the minor radius of the torus and Aa its thickness, ro is the

major radius and p is the combined resistivity of the wall. As a consequence of the current

decay, the magnetic field of the beam diffusss into the hole of the torus.

For a beam of minor radius rb that is located on the minor axis of a torus of major

radius ro and minor radius a, the magnetic flux 0 that links the beam axis is related to

the vector potential Ai at the centroid of the beam by the relation

=2wroA(r =roz = 0), (42) 0

where36

A"(r ro~z =0) Lb[2~ 8t!-O -, 2 7 (i! ) -t/'rO'] . (43)00 Crb 2a



The loop voltage can be computed from Eqs. (42) and (43) and is

4rolbr Sr 1 (44)

For I1 = I kA, ro = 1 m, roO = 40 ;asec and &=15.2 cm, Eq. (44)gives V., =

61.6e-*t/h (volts), and the total energy loss within 5 roo, i.e., when the first beam losses

are observed is 120 keV.

The energy gained by the beam during 5 rto, when the acceleration rate is 0.8 kV/turn,

is 8.0 MeV. Since at injection the beam energy is approdimately 0.5 MeV, its total energy

is 8.5 MeV and thus the energy mismatch is Ay/-y = 1.4%. At -y = 18, Fig.14 gives

n,¢ = 1.55 and n.(rb/6) 2 0 0, thus the expected shift Ar in the beam centroid is

Ar = (A-Y/-Y)ro -, 0.9CM0.5 - n.(rbl&)2 + n

In addition to the reduction of the beam energy to build up the fields inside the loop, some

beam energy is also lost to the heamting of the wall. However, this loss is typically an order

of magnitude smaller than the enersy loss associated with the build up of the fields.

The Larmor radius of the fast motion in the toroidal magnetic field Boo of 5 kG at

t = 200 psec is only 3 cm, even when Oj = 0.5, which is an upper limit. For P.L > 0.5 the

beam equilibrium will be lost and the entire beam will strike the wall in a short period of

time. Therefore, the diffusion of the self field and the finite Larmor radius cannot provide

sufficient radial displacement to the electrons to reach the wall at t=200 piec.

Figure 18 shown a typical x-ray signal. This signal lasts for several hundred microsec-

onds. The slow loss rate is a manifestation that individual particles strike the wall rather
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than the entire beam. Figure 14 shows that the individual particle self index of I kA,

1 cm radius beam becomes equal to nt (It = 30 kA), when yo = 6.5. At this energy

the individual particle orbital stability is lost, at least temporarily and theory22, " and

computer simulationS' 6 predict a substantial increase in the beam radius, when the beam

electrons have even a small axial energy spread. This craning of the individual particle

instability gap is consistent with several features of the tresults. However, the

time r. the x-ray signal initially appears is independent of the trapped current, which is

inconsistent with the fact that n. is proportional to the beam current.

The dependence of r. on the toroidal magnetic field is shown in Fig. 19. In all the

shots shown in Fig. 19 the peak B, field was kept constant. However, the current in

the strong focusing windings had to be raised with rising Be in order to provide sufficient

drift to the beam and thus to reduce beam loses at the diode during the first revolution.

For fixed Be, r. varies inversely proportional to the acceleration rate dB/dt. Figure 20

shows r. as a function of the peak B, field that occurs at about 2.6 msec. This quantity

is proportional to dB,/dt. It appears that w, varies with Be and dB/Idt the same way as

the peaks of the x-ray signal.

It has been shown theoretically and confirmed with extensive numerical work that the

equilibrium position of the beam is not sensitive to the transverse velocity, provided that

a±/P < 0.5. In the absence of strong focusing and space charge, the radial change of the

equilibrium position Ar with P± is given by

2 [1 -(1- _2)i + -2 /2(1 _ a2) (45)
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where a

Equation (45) is plotted in Fig. 21. It in apparent from these results that the equilibrium

position of the beam will not change noticeably, even though the beam will acquire some

transverse velocity as it crosses a large number of higher t resonances.

It has been determined eperimentally that a betatron flux condition of 2.3 pro-

vides the best confinement to the beam*. For the same parameters TRIDIF predicts a

(B, )/Bo that is in good agreement with the experiment as shown in Fig. 22L The

vacuum chamber has small effect on the betatron flux condition and only for the first 200

*ssec. EFFI, a static code predicts a slightly lower flux condition. The radial profile of

the normalized flux is shown in Fig. 22b. The solid solid line gives the normalized flux at

t=50 psec for a sinusoidally varrying current with a peak value of 40 kA. The rest of the

parameters are listed in the figure. The dashed line shows the total rAe immediately after

the injection of a 1 kA hollow electron beam. The beam is injected at 100 cm and has a

radius of I cm. When the missing flux inside the hollow beam is taken into account, Eq.

(43) is in very good agreement with the results of Fig. 22b.

*It has been reported2 8 previously that the best results have been obtained for

(B ) /Bso = 2.0.. Since then an error was found in the calibration of B. probe that

raised this value to 2.3.
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d. Studies of the Cyclotron Resonances
0

In a modified betatron with strong focusing there are four characteristic transverse

modes. In the laboratory frame these four modes w,* are given by'

[j,,j/(fl~o/'y)J (m + b) [U + I±2(U +4V2)]1 2 + M, (46)
2 2

where U and V have been defined in Eqs. (34) and (35), m is the number of field periods,

b=Bso/Bo and flo is the cyclotron frequency of the vertical field.

When n, < (b/2)2 , b2 • I and for modest winding current, as that in the NRL

device, the four modes become

W++ mM l fr/r + ne/-y (High Freq. Cyclotron), (a)

__ M WE (Bounce), (b)

(47)

W-+ M-fle/y (Cyclotron), (c)

and

+_ M-,rl• - W'B (S.F.mode). (d)

Integer resonances occur when

/( /) k, k = ±1, ±2,±3.... (48)

Equations (46) and (48) are plotted in Figs. 23 to 26. Figure 23 shows the centroid integer

resonances associated with w-- (bounce) and w+- (SF field mode) for typical parameters
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of the NRL device and before the self magnetic field of the beam diffuses out of the vacuum

chamber. Figure 24 shows the same resonances as Fig. 23 but after the self magnetic field

of the beam has diffused out of the chamber. The individual particle integer resonances

of the bounce and SF mode are shown in Fig. 25. Finally, Fig. 26 shows the centroid

integer resonancon associated with the cyclotron mode w-+. When Eq. (47) is valid, the

cyclotron resonance condition takes the very simple form/° Beo/B.o P f, where I is an

integer> 1. Therefore, the cyclotron resonance is due to the coupling, caused by a field

error(s) of the cyclotron motion associated with the toroidal and vertical fields.

It is apparent from Fig. 26 that for Ist < 30 kA and t > 7, the strong focusing field

does not have a noticeable effect on the cyclotron resonance condition. Thus, the resonance

condition is simplified to

r o = (2t2- 1) I= 1,2-3 (49)

and it is valid even when the beam is off the minor axis.

The x-rays are monitored by three collimated x-ray detectors (scintillator-photomultiplier

tube) that are housed inside lead boxes. In the results shown in Fig. 27, the x-rays enter

the scintillator through a 1.94 cm-dia. tube and the detector is located 10.8 m from the

vacuum chamber. As a rule, the shape of the x-ray signal recorded by all three detectors

is spiky and the peaks always occur at the same value of B#o/Bzo, independent of the

current flowing in the stellarator windings. In addition to the x-ray pulse, Fig. 27 shows

the values of t on the minor axis. These values have been computed from Eq. (49) by

substituting c-yO# for l,,or0 . The ratio Bo/Bso is computed from the measured values of
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fields. A perfect match between theory and experiment requires that the peaks occur at

integer values of t. L

It is apparent from the resonant condition that when BEo/EBi = constant 6 integer,

the cyclotron resonance is not excited. To test this supposition, we installed 24 single- 9

turn coils on the outside of the vacuum chamber, as shown in Fig. 28. These coils are

powered by a capacitor bank and have a risetime of approximately 100 aec. During this
0

time period the coils generate a toroidal field ramp that increases linearly with time and

the total toroidal field increases in sync with the betatron field. Results from the

experiment are shown in Fig. 29, when the coils are energized at 800 lsec. Beam losses

are suppressed for 100 psmec, i.e., as long as the condition BEo/EBo 9 integer is satisfied.

The damage done to the beam at each resonance depends on the speed with which

the resonance is crossed. By increasing the acceleration rate the resonance is crossed faster

and thus the damage inflicted to the beam is reduced. To achieve higher acceleration rate,

the vertical field coils were divided into two halves with midplane symmetry and powered

in parallel. Figure 30 shows the x-ray signal for three acceleration rates, (dBE,/dt) peak

- 0.69, 1.69 and 1.93 G/lpec, for a constant BEo = 4kG. At the lowest acceleration rate

the x-ray peak that corresponds to f = 12 has the largest amplitude. At the intermediate

acceleration rate the amplitude of I = 12 has been reduced by a factor of two and the

£ = 8 becomes the dominant peak. At the highest acceleration rate the amplitude of the

t = 12 peak was further reduced while the amplitude of the lower f value peaks has been

substantially increased.

The crossing of the resonance can be speeded up by modulating the toroidal magnetic
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field with a rapidly varying ripple. This in the dynamic stabilization or tune jumping

technique and requires a carefully tailored pulse to be effective over many resonances.

This stabilization technique has been tested experimentally using the 24 coils that are

shown in Fig. 28. These results have been reported previously"' and in general they are

in agreement with the theoretical predictions and the computer calculations.

The dynamic behavior of the electron beam as it crosses the various f number res-

onances depends on the nature and the amplitude of the field error.4 1 The field error(s)

that excites the resonance can be either vertical AB, or axial (toroidal) BL*E. In the case

of a vertical field error and in the absence of acceleration and strong focusing field, the

normalized transverse velocity P.L and thus the Larmor radius of the transverse motion of

the gyrating particles grows linearly with time,'° provided that nonlinear effects associated

with the particle velocity are neglected. When nonlinear effects are taken into account,

. is a periodic function of time.

In the presence of an accelerating field and a large vertical field error, 4 1 P increases

proportionally to the square root of time, while -y8e saturates, i.e., the electrons lock-in to

a specific resonance (lock-in regime). When the amplitude of AB, is below a threshold,

j.L exhibits Fresnel behavior, i.e., P.j grows quickly for approximately 1 Asec and then

saturates until the beam reaches the next resonance. The threshold value of AB, can be

made larger either by increasing the acceleration rate or by adding a low amplitude ripple

to the main toroidal field.

In the case of an axial field error and in the absence of acceleration, #_L grows expo-

nentially with the time only for a very short period. Since P.j increases at the expense of
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•, the particles are kicked off resonance. Thus,/O.t varies periodically with time. Similarly,

in the presence of an accelerating field 6. behaves as in the case of the vertical field error.

The previous discussion is based on the assumption that the space charge is low and

the strong focusing field is zero. In addition to introducing new characteristic modes, the

strong focusing field makes the expression for the regular cyclotron mode more complicated.

However, it can be shown that for the parameters of the NRL device and provided t > 1,

the strong focusing has only minor effect on the cyclotron resonance. This is also supported

by extensive computer calculations.

A typical example of this behavior is shown in Fig. 31. These results have been

obtained from the numerical integration of exact equations of motion for the parameters

listed in Table V. The threshold value of AB, in the minor axis is approximately 0.2 G for

the t = 9 mode. Figures 31a and 31c show P± vs. time below and above threshold, while

Figs. 31b and 31d shows the corresponding -ye vs. time. Since in Fig. 31d "yfle remains

constant the resonance is never corssed [see Eq. (49)], i.e., the entire beam is lost at the

same I mode.

The temporal behavior of the x-ray signal (see Fig. 27) clearly indicates that only

a fraction of the beam electrons may be in the lock-in regime, since we observe several I

modes. However, we carried out extensive experimental studiesI9 with several, externally

applied field errors of variable amplitude. These results indicate that the entire beam was

lost in a single t mode whenever the amplitude of the magnetic perturbation was above a

threshold value. Details about these results are given in the next section.

In addition to the nature and amplitude of the field error, the dynamic behavior of
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the beam depends on the initial conditions. 4 1 Results from the theoretical predictions are

* shown in Fig. 32, for the parameters listed in Table VI. Figure 32 shows contour plots of

the final P., in the f(.),, p plane, where f(0) and p, are the amplitude and phase of the

asymptotic initial value of transverse velocity and its phase. In Fig. 32a the amplitude of

the field error has been chosen equal to - 0.2 G. By increasing the field error amplitude

from 0.2 G to 0.3 G, the lock-in regime has expanded for low •0() over the entire range of

initial phase angles as shown in Fig. 32b. When the electrons in the beam are uniformly

distributed over the initial phase angle, the resonance diagram of Fig. 32 gives, for each

initial p(O), the percentage of the beam that crosses the resonance and the percentage that

locks into it. Therefore, it is not surprising that only a fraction of the electrons in the

experiment are in the lock-in regime.

Following the successful demonstration of acceleration a concerted effort was made17

to locate and eliminate or reduce the field disturbances that may excite the cyclotron

resonances. The sources of field errors investigated included: 1. coil misalignment, 2.

coil discreteness, 3. eddy currents induced in the modified betatron support structure and

nearby components, 4. errors produced from the various portholes in the vacuum chamber,

and 5. two contributions from the feeds of the vertical field coils. Reduction in many of

these errors together with the operation at higher Be and strong focusing fields led to

beam energies in excess of 20 MeV, while the trapped current was above 1 kA.

Although the cyclotron resonance is a potent mechanism that has the potential to

disturb the beam at low acceleration rate and when the various fields are not carefully

designed, it also may provide a powerful technique20 for extracting the beam from the
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magnetic field configuration of the modified betatron. Results from such initial and in-

complete studies are presented in the next section.
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Table V

Parameters of the runs shown in Figs. 31

Torus major radius r. 100 cm

Toroidal magnetic field Be. 2771 Gauss

Vertical magnetic field B5o 305 Gauss

Field index n 0.5

Rate of change of vertical field B5o 2 Ganss/se

Resonance mode f 9

Amplitude of VF-error AB., 0.190, 0.195 Gauss

Initial normalized toroidal momentum 'y0 17.922

Initial normalized vertical velocity P.L 0.0

Initial radial displacement r - ro 0.0 cm

Initial vertical displacement z 0.0 cm
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Table VI

Parameters for the results shown in Fig. 32 0

Torus major radius r. 100 cm

Toroidal magnetic field Boo 2771 Gauss

Field index n 0.5

Rate of change of vertical field B.o 2 Gauss/psec

Resonance mode 1 9

Amplitude of VF-error AB., 0.2, 0.3 Gauss

Initial normalized toroidal momentum ylBe 17.922
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e. Preliinary Beam Extraction Studies

The results of the NRL modified betatron accelerator have unambiguously demon-

strated that the toroidal and strong focusing fields improve the current carrying capability

of the device. However, these field also make the extraction of the beam from the magnetic

field configuration substantially more involved.

In 1988, an extraction scheme was reported" by the NRL research staff that is easily

realizable and has the potential to lead to high extraction efficiency. Briefly, this extraction

scheme is based on the transformation of the circulating electron ring into a stationary

helix, in the toroidal direction, by excitation of the resonance that naturally exists for some

specific values of the ratio of the vertical to toroidal magnetic field. Transformation of the

ring into a helix is achieved with a localized vertical magnetic field disturbance that is

generated by an agitator coil. As the minor radius of the helix increases with each passage

through the gap of the agitator coil, the electrons eventually reach the extractor, which

has the property that all the magnetic field components transverse to its axis are equal to

zero. Thus, the electron ring unwinds into a straight beam.

The hardware for this mainline extraction approach was designed and fabricated.

However, it never was installed in the experiment. The reason is that it requires a beam

with low transverse velocity because the aperture of the agitator is small. There is evidence

that the beam in the NRL device has substantial transverse velocity. As a consequence of

this difficulty we pursued some alternate extraction approaches that do not require beams

with low transverse velocity.

At the beginning of summer in 1991, while the beam dynamic stabilization experiments19
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with twelve external coil were underway, we observed that the beam could be kicked

out'- 1'9 of the magnetic field within a time that is comparable to the rioetime of the cur-

rent pulse, whenever the twelve coil. were initiated while the beam was crosing the i = 12

resonance. Figure 33a shows the x-ray pulse when the resonant coils are off and Fig. 33b

when the coils are on. The amplitude of the current pulse is 9 kA and its full risetime 12

psec. The measured amplitude of the axial field disturbance ABe at the center of the coil

is 240 G and its risetime 32 psec. It - apparent from these results that the full width 0

at half maximu~m (FWHM) of the x-ray signal has been reduced from approximately 900

psec to 8 jiec (Fig 33c), i.e., by more than two orders of magnitude while its amplitude

has increased by a factor of thirty. In the results shown in both Figs. 33a and 33b the

toroidal magnetic field on the minor axis Boo, at injection, is 4.2 kG, the current flowing

through the strong focusing windings is approximately 26.5 kA and the trapped beam

current about 1 kA.

In a series of experiments with the twelve external coils the current flowing through

them was changed by more than a factor of two. The results show that the FWHM of the

x-ray signal varies inversely with the current in the coils as shown in Fig. 34.

In the results described so far, the twelve coils were divided into two groups that

were connected in parallel while the six coils of each group were connected in series. By

connecting all the twelve coils in parallel the current pulse risetime was reduced to 5 psec,

while the field risetime was reduced to approximately 6 psec. Even shorter risetime pulses

have been obtained with a set of internal coils. These coils are wound on blue nylon forms

and encapsulated with epoxy. The 21 cm radius, single turn coils were mounted at the
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joints of the vacuum chamber sectors. Six new drivers that produced a current pulse with

risetime of 0.4 pow powered the twelve coils. Each driver powered a pair of coils connected

in parallel, with a combined inductance of 270 nIl. All the drivers were triggered by the

same trigger generator. The circuit of a driver and the multiple trigger generator are

shown in Fig. 35.

Figure 36 shows the axial component of the field in free space and also in the presence

of Iateral walls. The geometry and the parameters used in the TRIDIF Code are given as

inserts in the figure. As expected, the walls substantially reduce the amplitude of the field

even at the radial distance of 12 cm. On the minor axis the reduction is even greater.

The width of the x-ray pulse depends on the risetime of the current pulse. The results

are shown in Fig. 37. In addition, the results indicate that for the twelve coil configuration,

the amplitude of ABe field pulse required to extract the entire beam during the risetime

of the field pulse is approximately SO G.

To determine the toroidal distribution of the beam losses when the internal coils are

energized a 400-gtm diameter optical fiber was mounted on the outside of the vacuum

chamber. By the time the t=12 resonance is crossed, the electrons have acquired sufficient

energy to penetrate the chamber. The light generated when the electrons strike the fiber

is monitored with a PM tube. Initially, a small section of the fiber was placed in different

poloidal positions at a fixed toroidal angle. These measurements confirmed our previous

conclusion that the electrons strike the wall of the vacuum chamber at its inner radius. In

all the subsequent measurements the active length of the fiber was selected equal to half

the poloidal (minor) circumference of the chamber and was placed symmetrically around
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the midplanes at the inner radius of the torus.

The results from scanning around the torus at 100 intervals are shown in Fig. 38.

There are six distinct peaks, separated by 60. The three dominant peaks have approxi-

mately the same amplitude.

Figure 39 shows results from the numerical integration of orbit equations for the beam

centroid near the f,=12 cyclotron resonance. The values of the various parameters for the

run ae listed in Table VII. Figure 39a shows the projection of the beam centroid orbit in

the transverse plane and Fig. 39b shows the same orbit on an expanded scale. The arrows

indicate the direction of motion. Since the ratio of the toroidal cyclotron frequency 0,/1.,

to the intermediat frequency ww is equal to I/m = 2, the beam centroid performs two

revolutions (fast motion) around its quiding center during a single revolution in the strong

focusing fields of the windings. The projection of the orbit in the (r, 0) plane is shown

in Fig. 39c. There are six radial minima that occur at approximately the same toroidal

angle as those of Fig. 38. However, in contrast with Fig. 38, all the peaks have the same

amplitude. Figure 40 shows similar results from the crossing of t = 9 resonance. In this

case 29L= 1. This ratio is also manifested in the results of Fig 40c. For every three

peaks, two are the same.

Under normal operating conditions the current that produces the strong focusing field

is passively crowbarred and the fields decay with a long time constant LIR, where L is

mainly the inductance of a ballast inductor that is in series with the windings. To test

the effect of the strong focusing field on the distribution of beam loss, the ballast inductor

was removed and the circuit was actively crowbarred. The shape of the current pulse
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is a half sine with a half period of - 650 psec. The beam is injected near the peak of

the pulse. Thus, the strong focusing field is practically zero when the resonant coils are

energized. Under these conditions most of the beam is lost at a single toroidal position near

9=700. Both the amplitude and the toroidal position of the peak remained intact when

the vacuum chamber and thus the strong focusing windings that are permantly attached

to it were rotated clockwise 300. This result implies that neither field errors associated

with the stellarator winding nor the return current are responsible for the formation of

the peak. In addition, we have not observed any noticeable modification in the peak by

shifting the vacuum chamber radially inward by - 0.3 cm along the radial line that passes

through the 9=90* and 270° toroidal positions.

However, we have observed a substantial modification in the loss spectrum when the

feeds of the vertical coils that are located just above and below the midplane were rotated

from 0---600 to 0=2700. It has been determined using a very accurate, figure eight magnetic

probe that the feeds of this coil pair produce a substantial radial field error.

To test the feasibility of driving the beam to the wall on the time scale of one revolution

around the major axis, the risetime of the current pulse had to be shortened and a new

low inductance agitator with large aperture to be invented. The low inductance, small

aperture agitator of the mainline extraction approach was not suitable, because it requires

beams with low transverse velocity. Unfortunately, the amplitude of the various field

imperfections in the NRL device was never reduced to low enough level and thus the beam

acquired substantial transverse velocity during its long confinement time.

Among the various concepts considered, magnetic cusps were found to be the most
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promising. Extensive numerical studies of several cusp configurations have shown that a

single layer, 24.2 cm long cusp surrounded by a resistive (a=60 mho/cm) shroud could

provide sufficient displacement to the beam over a 20 nsec time period. This wide, 12 coil

cusp system is shown in Fig. 41. Unfortunately such a cusp could not be fabricated on

time and thus we had to proceed with an inferior agitator that is based on three double

cusps that are located 1200 apart in the toroidal direction. This agitating system was

fabricated in-house and tested in the experiment for a short period of time just before the

termination of the MBA program.

Each of the three double cusps consists of four coils. The first pair of coils is located

±3.73 cm from the symmetry plane of the cusp and the second ±5.92 cm. The coils are

wound on thin toroidal forms made of epoxy reinforced graphite fibers and are encapsulated

with epoxy. An axial slot in the coil form allows fast penetration of the fields. The double

cusps are mounted inside the vacuum chamber and are fed with demountable copper

electrodes that enter the vacuum chamber at the ports. A photograph of one of the double

cusps is shown in Fig. 42.

Figure 43 shows the axial profiles of radial and axial fields. The solid line is from the

TRIDIF code. The code assumes that the temporal profile of the current le in the four

coils is given by

IC = 000 sin sec) (A),

and the wall of the vacuum chamber consists of two materials with conductivity
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160 mho/cm, for 15.2 < p _ 15.45 cm,
S= (50)

800 mho/cm, for 15.45 < p < 15.55 cm,

where p is the radial distance from the minor axis. The conductivity and thickness have

been selected to give the same surface conductivity as in the experiment. The peak mag-

netic energy is 0.77 joules that corresponds to a coil inductance of 1.54 ;H. The solid

circles in Fig. 43 are the measured values of the fields at p-10.8 cm. It is apparent that

there is good agreement between the experiment and the code. All three double cusps

were not identical. In two of them the coil minor crows section was a semi-circle with the

fiat surface of the copper away from the minor axis and at the radial distance of 14.7 cm.

Figure 44 gives the axial profiles of the fields for a double cusp when the coil radius

is 14.7 cm, the compound wall has a conductivity as that given in Eq. (50), the peak

current in the coils is 3 kA and its risetime (quarter period) 20 nsec. These fields have

been used in the beam centroid code to determine the displacement of the centroid in three

revolutions (60 nsec). Results are shown in Fig. 45 for the parameters listed in Table VIII.

Figure 45a shows the projection of the beam centroid orbit in the transverse plane. At

t--O the centroid is located 10.0 cm away from the minor axis. During the last 20 nsec of

the run, i.e., during one revolution around the major axis the centroid is displaced by 0.9

cm. This radial displacement is almost sufficient for a small radius beam to avoid hitting

the septum of the extractor. Obviously, larger radial displacements can be obtained either

by increasing the current of the cusps or by tapering the radii of the cusp coils to reduce

the positive component of B,. A top view of the orbit is shown in Fig. 45b.

Figure 46a shows the projection of the beam centroid orbit in the transverse plane for
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the same parameters as the run of Fig. 45 but artificially setting the positive component

of B, = 0. Comparison of the two figure. clearly demonstrates the advantage of using a

single polarity cusp. The radial displacement of the beam centroid in one revolution has

increased by - 30%. Figure 46b shows a top view of the orbit.

In the runs of Figs. 45 and 46 the various parameters of the beam centroid have been

carefully selected to satisfy the L = 12 resonance condition. During the initial phase, i.e.,

for about 10-20 nsec the centroid transverse velocity is low and the orbit projection in the

transverse plane is a triangle as shown in Fig. 47a. This figure shows the projection of

the orbit for 20 nsec. The values of the various parameters are the same as in the run 0

shown in Fig. 45, except for the initial radial position that is 10.5 cm instead of 10.0 cm

and the cusp current, which is zero. With the cusps off, the beam remains in resonance

for a long time and the orbit precession is small. With the cusps on, the centroid acquires

transverse velocity, falls off resonance and start to precess rapidly. Figure 47b shows the

three component of the magnetic field seeing by the centroid. As a result of the proximity

of the orbit to the windings, the magnetic field components at the orbit are substantially

different than those listed in Table VIII.

It became apparent in the Spring of 1992 that because of severe time and several

other contraints the experiment was operating under, the only realistic approach to obtain

short risetime current pulses to drive the double cusps was the sharpening of the pulse of

the existing drivers using ferrites. The sharpening results from the change of permeability

that occurs when a ferrite matierial is driven into saturation. Ferrite pulse sharpeners

have been built and tested by earlier workers and their results have been documented in
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the published literature.42

The ferrite loaded transmission line consists of a 5/32"- diameter inner conductor and

a braided outer conductor slipped over an acrylic insulating tube. A cross sectional view of

the line is shown in Fig. 48a. The inner diameter of the acrylic tube is 1/2" and its outer

diameter is 5/8". The ferrites used were Krystinel K01 toroids with dimensions 3/16"

ID, 3/8" OD and 1/8" thick. All intervening spaces were filled with epoxy or oil. The

potted ferrite line was found to give results almost identical to those obtained from an oil

immersed line.

Figure 48b shows a schematic diagram of the experiments setup used to develop the

ferrite pulse sharpeners. An 80-nF capacitor charged to voltages ranging from 35 kV to 60

kV DC, delivers a voltage pulse into a 45-foot-long, 50 fn cable. A Rogowski coil monitors

the current delivered to the cable. A 3-foot long ferrite loaded line sharpens the pulse

from the 500 cable, and transmits the sharpened pulse to another 25-foot-long 50-0 cable

short-circuited at one end. A Rogowski coil placed between the ferrite line and the 25-foot

line, measured the waveshape of the sharpened current pulse.

At 50-kV charge voltage the amplitude of the first current step in the 45-foot, 50n

cable is 1 kA. The ferrites saturate even before the current reaches 0.1 kA. The risetime

of the current pulse, as measured by ROGI is - 25 ns. The risetime of the sharpened

pulse measured by ROG2 is - 3 ns. The presence of the Rogowski coil introduces added

inductance in the cable connections. Since, the Rogowski coil has a response time of - 1

ns, the intrinsic risetime of the pulse is therefore - 2 us. For optimum performance, the

saturated characteristic impedance of the ferrite line needs to be the same as the impedance
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of the cables on either end of the line. The impedance of the ferrite line shown in Fig. 48a

appears to be 50 fn. However, this requires a relative permeability of -3 after saturation,

as opposed to the ideal value of unity.

The cables on either side of the ferrite line isolate it from reflections from the load

(short-circuit, here) and the spark gap switch, for the duration of the round trip transit

time in each cable. If the ferrite line is made longer than the length needed to erode the

injected current risetime, then the flattop is also eroded and the 45-foot cable needs to be

made longer to compensate for this effect.

Figure 48c shows the layout of the drivers that powered the double cusps. Two 50

fl ferrite sharpeners drive each coil. At 40 kV charge voltage the average amplitude of

the first current step is 2.6 kA and the risetime is approximately 50 nsec and is solely

determined by the effective inductance of the coil.

Typical results from the experiment are shown in Fig. 49. The important parameters

are listed in Table IV. Figure 49a shows the x-ray signal with the cusps off and Fig. 49b

shows the x-ray signal when the three cusps are energized at 480 psec, i.e., when the 1=12

resonance is crossed. As in Fig. 33, most of the beam exits the magnetic field configuration

in a single I mode, although the current through the coils is substantially lower. The high

frequency noise that is observed in Fig. 49b is a consequence of the fact that the 1.5 psec

integrator that has been used in the input of the digitizer in Fig. 49a was removed to avoid

possible reduction of the sharp x-ray pulse when the cusps are activated.

A difficulty experienced during these studies was the substantial jitter of the drivers.

Apparently, the cause of this difficulty was the roughness of the electrodes in the switches
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of the drivers. Unfortunately, the overhauling of the spark gaps could not be fitted into

the time schedule of the experiment.
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Table VIII

Major radius r. 105 cm

Torus minor radius a = 15.2 cm

Winding radius p. = 23.4 cm

a- 0.029 cm-1

Field periods m = 6

Toroidal field Boo = 3910 G

Vertical field Bzo = 391 G

External field index = 0.5

dB./dt = 0.656 G/Isec

Cusp radius = 14.7 cm

Cusp current = 3 kA

Initial position = -10 cm

Initial -y - 20.25

Run duration = 60 nsec

Initial ± --- 0

Mode number t - 12
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Table IX

Toroidal magnetic field at injection 4 kG

SF windings current at injection 28 kA

Driver voltage 35 kV

Average amplitude of the first current step 2.2 kA

Pressure 4x1O-G torr

Trapped beam current 1.2 kA

7
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V. Assessement of results

The purpose of this section is to assess the results of the experimental effort. In

addition to briefly addressing the major succeses and failures of the project, we discuss the

level of understanding of the various physical processes that dominate the beam dynamics

in the device and we make a few recommendations about the direction of future research

in this area,

In the absence of strong focusing, we were able to trap a large number of electron in

the device. Although the trapped electron current was as high as 3 kA, the lifetime of the

electron ring was limited to a few microseconds. With the exception of the high current

rings (- 3 kA), the beam was centroid unstable, i.e., the entire beam drifted quickly to

the wall of the vacuum chamber. The high current rings were suffering initially individual

particle losses, i.e., slow decay of their current. Eventually, after their current was reduced

to a low level the loss became catastrophic.

Probably without exception all the electron rings formed were in the high current

regime. Attempts to form rings in the low current regime have been UnsuccessfuL The

reason is that the reduced beam current could not provide enough drift to the beam during

the first revolution for the electrons to clear the diode of the injector.

There is convincing evidence, but no actual proof, that the catastrophic beam loss was

due to the drag instability. There is a large amount of experimental results which supports

this conclusion. If we had succeeded to form stable rings in the low current regime, such

a conclusion would be more definite.

A quantity that can be measured accurately in the device is the bounce frequency. As
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a rule, the bounce frequency measured in the experiment was higher than that predicted

by the theory and the codes. It is likely that the beam energy used to compute the bounce

frequency is not known with sufficient accuracy.

The addition of the strong focusing windings made a dramatic improvem t in the

confining properties of the device and established the modified betatron as the first and,

as of today, the only successful recirculating high current accelerator. And this, in spite

of the fact that the windings have not been carefully fabricated or accurately positioned

in the device.

Needless to say that this was the outcome of a necessity rather of a choice and it is

contrary to the accepted practice in the technology of particle accelerators. To improve

the accuracy of the strong focusing windings a new vacuum chamber was designed with

embedded modular windings. It incorporates a new winding law that has a highly desirable

feature. The magnetic and geometric axes coincide. Before potting, the windings were

positioned on the surface to the vacuum chamber with an estimated accuracy of -

0.5 nmm, using a winding machine. Unfortunately, the fabrication of the new vacuum

chamber was not completed on time and thus the chamber never installed and tested in

the experiment.

This is regretable, because there are strong indications that the random spatial 'uc-

tuations of the stellarator windings are responsible for the excitation of the cyclotron

resonance. Figure 50 shows •_ and •vfe of the beam centroid in the fields of the modified

betatron. The model assumes that the stellarator windings are made of 10 cm long seg-

ments that are randomly positioned at each end, within a cube of ± 2mm. The reference
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particle is injected with -y = 8.864, just before it reaches the f--24 resonance. At t=50

psec, the centroid locks in the t=19 mode and its -yP* remains constant. At t---60 isec

O6L in approximately 30% and the diameter of its fast orbit - 7 cm. The efficiency of

transfering energ from the axial to the transverse direction by the random fluctuation of

the strong focusing winding is remarkable.

The trapping of the injected beam into the closed magnetic field configuration of the

device was one of the most challenging physics issues of the modified betatron program.

For this reason a large fraction of the program's resources was invested to develop several

injection schemes. Ironically, none of these trapping schema was used in the device after

the installation of strong focusing windings. The reason is that when the current of the

strong focusing winding. was raised to high enough level and the direction of the poloidal

orbit was changed from diamagnetic to paramagnetic the beam spiraled from the injection

position to the vicinity of the minor axis and was trapped.

This interesting phenomenon has been observed over several thousands of shots and

for a wide range of parameters. However, its explanation remained elusive until the be

ginning of 1991. During January and February, 1991, a series of detailed experiments

were performed that provided accurate data on the various processes associated with the

trapping of the beam. As a result of these measurements, a revised model of resistive

trapping was developed that is in agreement with the experimental results. The fact that

the revised model explains not only the main features but also esoteric details of the ex-

perimental results, such as the rotation of the peaks of the poloidal orbit with the poloidal

angle, makes us believe that the model is correct.
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In most of the experiments the center of the circular opening of the conical node was

located at the midplane and 8.7 cm from the minor axis of the toroidal chamber. In a

series of experiments the diode moved to progressively larger radial positions from the

minor axis. Successful trapping of the beam was observed as long as the radial distance

was less than 10 cm. At this radial distance the stellarator fields are nonlinear and increase

rapidly as the distance from the minor axis increases. Since the radius of the intermediate

orbit is proportional to the strong focusing field, it is possible that the beam strikes the 0

wall. Therefore, in order to successfully trap the beam the injection position should be

carefully selected.

The slow electron loss rate during acceleration is a manifestation that individual par-

ticles, rather than the entire bean, strike the wall. The x-ray signal initially appears at 0

approximately t=r. =200 psec and lasts for as long as 1 msec. Following trapping the

beam settles on the magnetic axis of the strong focusing system, which is located about

1 cm off the minor axis. If the guiding center of the beam centroid had remained on the

magnetic axis during acceleration, the Larmor radius of the fast motion could not bring

the electrons to the wall of the vacuum chamber. Only sufficient axial energy spread in

the beam can provide appreciable displacement to the electrons in order to reach the wall.

This axial energy spread cannot be due to scattering of beam electrons with the back-

ground gas, because r. would be a function of the pressure, which is not the case. Random 0

field fluctuations produced by random displacement of say the strong focusing windings

have the potential to introduce large axial energy spread to the beam. This conclusion is

supported by computer calculations but it has not been confirmed experimentally.
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A beam radial drift in combination with the fast motion provide a second mechanism

for the electrons to reach the wall. The diffusion of the self magnetic field of the beam

cannot provide sufficient radial displacement to the electrons to reach the wall of the

chamber. Random spatial fluctuations in the strong focusing windings can provide a

potent mechanism for transferring energy to the transverse direction and also a radial

inward drift to the beam.

Figure 51 shows very recent results from a 261 psec long run for randomly positioned

stellarator windings. The cube dimensions have increased from ± 2 mm to ± 4 mm. The

rest of the parameters are listed in Table X. The column in the left shows the positions the

beam centroid crosses the 0 = 0 plane in the time internal indicated in each frame. The

column in the right shows the temporal profile of P± and qfle. At t s Spsec, the beam

locks in the I --- 24 mode and shortly thereafter -/po remains constant up to 150 ipsec. At

this time and while #j has reached 78%, the beam unlocks from the f = 24 resonance

and its P.L starts to decrease. Simultaneously, the centroid starts to drift radially inward

with a speed which is approximately I mm /psec. At 261 Isec the beam centroid hits the

wall just above the midplane. The similarity between these results and the experiment is

striking. Several additional runs have shown that a substantial fraction of electrons inside

the beam are not unstable to this kind of perturbations.

Although the mechanism that drives the electrons to the wall during acceleration has

probably been identified, a definite proof is still missing. A diagnostic that can provide

information on the beam position during acceleration would be very useful. The experi-

mental results from the NRL device have unambiguously demonstrated that the electron
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loss is reduced and the beam lifetime is prologued with increasing toroidal field. The ben-

eficial effect of Be is not limited to the confinement of the beam during acceleration. As a

rule, the trapped electron current is enhanced with increasing B# field.

Since the initial successful acceleration of electrons in the modified betatron, the x-ray

signal is spiky and the peaks always occur at the same value of Beo/Bo, independently of

the current flowing in the stellarator windings. There is extensive experimental evidence

that support the hypothesis that the spiky x-ray signal is caused by the excitation of the

cyclotron resonances. During the last few years a large amount of work, both experimental

and theoretical, has been done, mainly by the NRL research staff, on the crossing of

cyclotron resonances and the subject appears to be well understood.

The cyclotron resonance is due to coupling, caused by field disturbances, between the

cyclotron motions in the vertical and toroidal fields. Since the actual accelerating gradient

in the present device is low, the electrons have to perform a large number of revolutions

around the major axis in order to obtain large energies. Thus, cyclotron resonances are of

special importance for the existing device, that has low tolerance to field errors.

Following the successful demonstration of acceleration a concerted effort was made

to locate and eliminate, or at least reduce, the field distrubances that may excite the

cyclotron resonances. Most of the errors detected were reduced to a level that was limited

by the sensitivity of the magnetic field monitors (- 2%). To reduce the errors produced by

the mispositioned strong focusing windings a new vacuum chamber with very accurately

positioned windings was constructed and partially fabricated. The large amplitude errors

at the feeds of the vertical field coils were never corrected, mainly because the cost of
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repair was beyond the limits of the project's budget.

Three different cyclotron resonance stabilization techniques were tested in the ex-

periment. Among these techniques, acceleration of the beam at higher acceleration rate

appears to have the highest practical potential. By increasing the acceleration rate the

resonance is crossed faster and thus the damage inflicted to the beam is reduced. To

achieve higher acceleration rate, the vertical field coils were divided into two halves with

midplane symmetry and powered in parallel. The experimental results indicate that an

increase in the acceleration rate by approximately a factor of 2.5 has a profound effect on

the cyclotron resonances.

Although the cyclotron resonance is a potent mechanism that has the potential to

disturb the beam at low acceleration rate and when the various fields are not carefully

designed, it also may provide a powerful technique for extracting the beam from the

magnetic field configuration of the modified betatron. As a matter of fact, this was realized

well before the cyclotron resonances were observed in the NRL device.

Although the fabrication of the hardware for the resonant extraction approach that

was the mainline extraction scheme for the NRL device was completed by the end of FY 91,

the resonant extraction was never tested experimentally. The reason that this extraction

technique is based on a low inductance (- 4 nH) agitator with a very small aperture (~ 2

cm). Therefore, it requires a beam with low transverse velocity. However, this was not the

case in the NRL experiment. The amplitude of the various field imperfections was never

reduced to a low enough level to make the transverse velocity of the beam compatible with

the small aperture of the agitator. Thus, we had to explore alternate extraction approaches
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that are based on large aperture agitators.

Initially, twelve single turn coils were used either on the outside of the vacuum chamber

or at the joints of twelve sectors. The coils were activated at the time the beam was crossing

the I=12 mode. These resonant coils were powered with 12, 5 and 0.4 paec risetime current S

pulses. The beam could be kicked out of the magnetic field of the device within a time

that was comparable to the risetime of the current pulse. The required amplitude of axial

field disturbances ABe to extract the entire beam during the risetime of the field pulse is

approximately 80 G.

Extensive studies of the spatial distribution of beam losses when the twelve internal

resonant coils are energized with the 0.4 psec current pulse have shown that the beam

strikes the wall at six very well defined toroidal positions that are 600 apart. In the absence

of the strong focusing field (when the resonant coils are energized) the beam strikes the

wall at a single toroidal position near 0=700. Although the results with the twelve resonant

coils are very interesting and provided a valuable insight in the physics of extraction, this

approach cannot lead to a practical extraction scheme, since it cannot form a single head

in the beam. In addition to being capable of forming a single, well defined head in the

beam, a practical agitator should have low inductance, large aperture and the capability

to produce the required magnetic field disturbances at manageable voltages. Among the

various agitator conceptb considered, magnetic cusps were found to be the most promising.

Extensive numerical studies of several cusp configurations have shown that a single

layer, 24.2 cm long cusp surrounded by a resistive shroud with a 21 cm radius could provide

1.4 cm radial displacement to the beam over a 20 nsec time period, when the current
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through the coil is 2.5 kA. Unfortunately such a cusp could not be fabricated on time and

thus we had to proceed with an inferior agitator that is based on three double cusps that

are located 120- apart in the toroidal direction. This agitating system was fabricated in-

house and tested in the experiment for a short period of time just before the termination

of the MBA program.

The numerical results indicate that the 14.7 cm radius double cusps could provide 0.9

cm radial displacement during the last 20 nsec of a 60 nsec wide, 3 kA height rectangu-

lar current pulse. These cusps have been powered with 2-3 usec risetime current pulses

produced from the existing drivers with ferrite sharpeners. At 40 kV charge voltages the

amplitude of the current step was 2.6 kA and its risetime - 50 nsec and was solely de-

termined by the inductance of the coil. Activation of these double cusps at 480 pasec, i.e.,

when the 1=12 resonance is crossed forced most of the beam to exit the magnetic field

configuration in a single t mode, as it is apparent from Fig. 49.

In contrast with the conventional accelerators that operate in the single-particle

regime, the high current modified betatron operates in an uncharted territory, in which

space charge effects from the self and image fields are as important as externally applied

fields. Virtually, every aspect of the modified betatron has been a challenging technical

task. As a result, the pace of progress has been slower than initially anticipated. However,

the results have been very rewarding.

The extraction of the beam is presently the most important unresolved technical issue.

Although some interesting results were obtained during the last few month with the NRL

device, there are several fundamental questions that remain. Developing a large aperture
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agitator with 1-2 nsec risetime that provides enough field to kick the beam radially by

- 2-3 cm at a reasonable voltage is not, in principle, a difficult task. However, when the

integration of such an agitator into the device is considered, the task becomes considerably

more complex. Specifically, the penetration of the fast fields requires the agitator to be

located inside the chamber. To avoid any interference with the circulating beam the

agitator should be near the wall of the chamber. This wall has to be continuous to avoid

disruption of the return currents. The induced current on the wall by the rapidly changing

field of the cusp substantially reduces its various field components. However, the proximity

of the coils to the wall diminishes the inductance of the kicker. Although the voltage

required to produce a specific field amplitude within a specific time is smaller with an

internal cusp, introducing the high voltage into the chamber without adding substantial

inductance to the system is a challenging engineering task.

Our diagnostics that probe the beam dynamics during the first few microseconds fol-

lowing injection, have been found both reliable and sufficient. However, our diagnostics

that provide information on the beam current, position, size, axial energy spread and emit-

tance during the acceleration phase have been found very inadequate. The development

of such diagnostics that provide reliable information on the millisecond time scale will be

both diffucult and expensive. Such a task, however, will be necessary in any serious future

effort on the modified betatron or any other high current recirculating accelerator.

Our results have unambiguously demonstrated that the strong focusing windings im-

prove the confining properties of the device at least in the intermediate time scale, i.e,

during the first 100-200 psec. In addition, these windings have increased substantially the
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complexity of the accelerator. The loss of toroidal symmetry with the incorporation of the

0 stellarator windings in the NRL initial system made our two dimensional particle simu-

lation computer codes obsolete. The absence of a reliable 3-D computer simulation code

to provide information on the dynamics of the individual particles inside the beam has

inhibited our ability to completely understand the x-ray spectra. Any future investment

in the modified betatron technology should include funds for either the development or

the acquisition of a 3-D particle simulation code.

Undoubtedly, the modified betatron has several important advantages, in relation to

other approaches, in the generation of high current beams. Among its shortcomings, its

sensitivity to field errors is of concern. The port in the wall of the vacuum chamber that is

required for any internal injection could be the source of a serious field error. By its nature,

the injector porthole error cannot he eliminated as long as the diode is located inside the

chamber. Therefore, it is advisable that an external injection scheme be developed that

will eliminate or at least substantially reduce the size of the diode porthole. An additional

0 advantage of the external injection is its compatibility with higher diode voltages. Such

higher voltages will be necessary whenever the current of the device will be required to be

raised well above the I kA level.

As a consequence of its sensitivity to field errors, any future device should be care-

fully designed to keep the field errors as low as possible but not much higher than 0.1%.

Furtheremore, it will be very advantageous to select the acceleration rate ten times higher

than in the present device, i.e., about 8-10 G/Asec.
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Fig. 4. Photograph of the NRL modified betatron accelerator.
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Fig. 42. Photograph of one of the double cusps.
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THREE STAGES FOR THE RING EXTRACTION

Radial outward displacement of the ring equilibrium 0

position by mismatching the vertical magnetic field

to the electron energy with a local time dependent

magnetic field(r = 5 - 10Lsec)

A local vertical magnetic field disturbance generated

by the agitator coil transforms the ring into a helix

in the toroidal direction. The minor radius of the

helix increases with each passage through the agita-

tor coil(r = 40 - 60nsec)

Eventually, the electrons reach the extractor, which

has the property that it cancels out the external

magnetic fields transverse to its axis. Thus, the

electron ring unwinds into a straight beam (r = 2nsec)



RADIAL OUTWARD DISPLACEMENT

OF THE RING

Numerical simulation of the ring dynamics showed that

the energy mismatch should increase slowly in relation to

the bounce period. Then, as the ring follows its equili-

brium position, its radius of rotation around the equili-

brium position remains small

Also, the initial energy mismatch of the ring should be

very small, so that the initial amplitude of the bounce

motion is very small.

Local vertical extraction field

Bet" = Butr (1 e-/T)z •zo



COMPUTER SIMULATION (MOBE - PIC)

RUI PARAMETERS

Initial beam energy yo - 100 [99.98)

Major radius r0 (cm) - 100 0

Initial beam minor radius rb (cm) . 4.2 -

Initial beam center position r. (cE) - 100

Betatron magn. field at ro, z . o, oz (G) - 1704.5

Toroidal magn. field at ro, z . o, Boe (KG) -4kG

Initial emittance c (rad - cm) 280 mradcm- normalized emittance

External field index n = 0.5

Wall diffusion time -t (nsec) - 0

Time step (nsec) = 200 ps

No. of particles = 128

Trapping field B Trap = 204.5 Gz

Time constant T = 4 usec
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RESONANCE EXTRACTION 5

Electrons passing through the agitator are made to gyyrate
about the toroidal field, Be. 0

When the ratio B ,/Bo at the agitator satisfies the reso-
nance condition

0

Bz•/B = U/(2- 1),_ = 1,2,73,...

all the electrons execute identical helical orbits (Coherent Mo-
tion). The radius of the helical orbits can be determined by

p =z

where.

N = number of passes through the agitator

ABa = magnetic field of the agitator

AO = toroidal half width of the
agitator magnetic field 9

ra = radial distance of the agitator from
the major axis



Modified Betatron
Ring Extraction Agitator Coil

Electron Ring
Undisturbed Orbit

Major Axis

eBe.
8Z r

Electron Ring
at f u 3 resonance

Extractor Extracted Beam

Top View
Fig. 1. Schematic of the proposed extraction scheme.
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Agitator Coill
Fig. 2.* Agitator coil that generates the localized disturbance.

It is povered by a-Tcoaxial t~ransissio'zi-line.-'
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T-ABLE

List of various parameters for the runs #266 andl 270

7rN 266 2 70

*Agitator's mode Static Static
Relativistic factor -Y 40 400
Major radius r. (cm) 100 100

Vert-ical field, at r. (G) 649.9 6501
Toroidal field at r. (G) -1971 -19310

Field index n 0.5 0.5
Resonance integer 1 3 3

AMDii1-,ude of mitsmatching field (C-) 60 600
Time constant Of misamat-chingr field (psez) 10 10

Agitrat or's toroidal positidon 1.26-,, 1.26vr
Agitator's toroidal width 2A.9 (Laa) 0.066 0.066

Agitat~or's inner radius (cm) 120 120
A.gitator's outer radius (cm) 124 124

SAgit;.ator's opening (cm) 2 2.0-
Agritattor's liear- cur-rent density (kAk/c=) 0.3 75 3.75

Agitator's field AB' (G) -450 -4500
Extr1actor's opening toroidal position 0 0

Extract-or's mninimrum inner radius (cm) 120.5 120.5
Ext~rac~tor 's minimum outer ramdius (cm) 124.5 124.5

Extrac-tor's field ABc (G) -590 -5900



Ri3nor Orbits for ~ 40

(a)

0

extractor position agitator position

-120-

-40

E

40

120

-120 -80 -40 0 40 80 120

y (cm)

Fig. 5. Rad-*al cxcurzsions of a typical etlect-r!on (a) and tau vie'; of its trajectory in
the x, y plane for the run 266.
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Ring Orbitsfor ' 400

124/

..~ 120

116
i 0.4 0.8 1.2 1.6 2.0

extractor position agitator position

-120 (b)

-80

-40

E
Q 0

40

120

-120 -80 -40 0 40 80 120

y (cm)

Yig. 7. Radiall xc-mrsion of a typical electzron (a) and top viev of its trajectory in thek
x,y plane for the run 270.
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TABLE I
List of various parameters for the runs 1 379-381

RUN# 1 379 380 381

Agitator's mode Pulsed I Pulsed Pulsed
Relativistic factor y 39.9 39.9 39.9
Major radius r. (cm) 100 100 100
Vertical field at ro (G) 681 681 681
Toroidal field at r. (G) -1,920 -1970 -1,925
Field index n 0.5 0.5 0.5
Resonance integer f 3 off 3
Agitator's toroidal position(rad) 0.493 7r 0.493 7r 0.493 7r
Agitator's toroidal width 2A6 (rad) 0.026 0.026 0.026
Agitator's inner radius (cm) 110.5 110.5 110.5
Agitator's outer radius (cm) 113.5 113.5 113.5
Agitator's opening (cm) 2.0 2.0 2.0
Agitator's linear current density (kA/cm) 0.1 0.1 0.4
Agitator's field AB' (G) -78 -78 -350
Extractor's opening toroidal position 0 0 0
Extractor's minimum inner ra,4ius (cm) 113.0 113.0 113.0
Extractor's minimum outer raaius (cm) 116.0 116.0 116.0

I °d

Bd



* Ring Orbit in the r, e Plane
Y40

Pulsed Mode

120 W

11~I6 1 1 00A/cm

112.4b

E111.8 it= 10OA/cm
L.111.2 (off -resonance)

110.6

128 -(C)

.- 124

2120 1 =400A/cm
116

112L

160 0.4 0.8 1.2 1.6 2.0
e/wrI agitator position

extractor position



MAIIGN-ETIC FIELD COMPONENTS

TO BE CANCELED OUT BY EXTRACTOR

y y g !6- I

II *0

B1e. = -Be.0 2  +, 2

Zct Bz = Bzo (_ ___O
Be• I I . •_•.r +n y 2

Top view

Be. must be canceled inside the extractor

Otherwise there is a vertical force F. = -evyBe,
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Extractor Field Structure
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BEAM DYNAMICS

INSIDE THE EXTRACTOR 0

0

For the numerical integration of the beam orbits, th.e

magnetic fields inside the extractor were computed

using the 3-D MLAGNUS code 0

The inner conductor was replaced by a set of current

filaments such that their current density was that

computed by the POISSON code at each cross section @

of the extractor

The computed fields by the 3-D MAGNUS code were in

very good agreement with those computed by the 2-D

POISSON code
0

0



EFFECT OF SMvIALL VERTICAL VELOCITY

AT THE ENTRANCE OF THE EXTRACTOR

Vz = -0.0332vy

This small vertical velocity causes helical motion of the

beam around the Bey component of the toroidal field

LBesincr

"y'

Side view of extractor

By tilting the extractor and by adjusting sligtly its

current to cancel the small Beosinac component

the beam orbit is almost linear
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CONCLUSION
S

An extraction technique has been conceptually developed

for the modified betatron that is easily realizable and

has the potential to lead to a very high efficiency,

since all the electrons of the ring perform coherent

motion

The design of most of the components of the extraction

experiment has been completed and the fabrication and

testing of some components is currently in progress
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Progress in the development of the NRL modified betatron acceerator*

L.K. Len&, T. Smith, J. Golden+, K. Smith*, S.J. Marsh*,
D. Dialetist, J. Mathew, P. Locwhialpo, J.H. Chang, and C.A. Kapetanakos

Plasma Physics Division, Naval Research Laboratory
Washington, DC 20375

ABSTRACT

The lifetime of the circulating electron beam in the NRL modified betatron has been sub-
stantially increased from a few plec to over 700 psw by the addition of strong focusing windings
to the device. The injected beam consistently spirals from the injector to the minor axis and is
trapped. The -0.5 kA trapped electron ring has been accelerated to -12 MeV from the injection
energy of -0.5 MeV. The beam acceleration has been confirmed not only by the x-ray attenuation
technique but also with the detection of photoneutrons from the reaction D(-y, n)H.

The experimental observations show that during acceleration the electrons cross initially
higher order cyclotron resonances. Eventually, when the ratio of the vertical B, to toroidal
magnetic field Be is - 1/9, i.e., at t = 9, a substantial fraction of the ring electrons is lost. The
remaining electrons are lost at higher B,, that is, at lower t values. Experiments are in progress
to locate and eliminate the field error(s) that excite the resonances and thus to accelerate the
electron ring to even higher energy.

1. INTRODUCTION

Accelerators that combine high current capability and high effective accelerating gradient
are currently under development in several laboratories." - These accelerators have two common
features, namely strong focusing that improves their current carrying capability and recirculation
that enhances their effective accelerating gradient.

Among these accelerators is the modified betatron.6e- This device is currently under investi-
gation at the University of California, Irvine2 and also at the Naval Research Laboratory' (NRL).
In its original form the modified betatron consists of a strong toroidal magnetic field and a time
varying betatron field that is responsible for the acceleration.

Extensive studies of beam capture and confinement in the NRL modified betatron led to
formation of electron rings with circulating current as high as 3 kA. In addition, these studies
furnished valuable information on the critical physics issues of the concept. For instance, they
have

"* demonstrated the beneficial effect of Be on the expansion of the ring's minor radius,

"* unambiguously confirmed the bounce motion of the ring,

"* verified the pronounced effect of image forces on the ring equilibrium,

"* confirmed the existence of the macroscopic instability gap and the transformation of
ring orbits from diamagnetic to paramagnetic,

"* revealed, for symmetric orbits, that the bounce frequency is several times higher than
the theoretical prediction, and
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. shown that, at least for the drift trapping technique, the low current regime is macc-
sible.

Finally, these studies divulged that over a wide range of parameter. the ring lifetime was
limited to a few pasec which in comparable to the magnetic field diffusion time through the vacuum
chamber. Thus, it became apparent from these results that the modified betatron had to be
modified in order to increase the beam lifetime and thus to achieve acceleration. In August 1968
the decision was made to proceed rapidly with the design, fabrication and installation of strong
focusing windings.

Stellarator9 and Torsatrons° winding configurations were considered. Both configurations
have some strong points. However, the stellarator configuration was selected not only because of
the small net vertical field and the lower current per winding but also because it is compatible
with our contemplated extraction scheme.,1 1 12

This paper describes in some detail the NRL modified betatron in its latest form and very
briefly summarizes the results after the installation of the strong focusing windings.

2. DESCRIPTION OF THE EXPERIWENT

2.1. External magnetic fields

The NRL modified betatron comprises three different external magnetic fields; the beta-
tron field that is a function of time and is responsible for the acceleration of the electrons, the
toroidal magnetic field that varies only slightly during the acceleration of the electron ring and the
strong focusing field that also has a very weak time dependence. As shown in Fig. 1, the coils that

U swum dow" Jh , M -- h"

Figure 1: Schematic plan view of the NRL Modified Betatron.
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generate these three fields are supported by a stiff structure in the form of an equilaterial triangle
with truncated vertices.

2.2. The betatron field

The betatron" magnetic field controls mainly the major radius of the gyrating electron
ring and is produced by 18 air core, circular coils connected in series. Their total inductance is
approximately 530 5H. The coils are powered by an 8.64 mF capacitor bank that can be charged
up to 17 kV. At full charge, the bank delivers to the coils about 45 kA peak current. The current
flowing through the coils produces a sinusoidally varying field that has a quarter period of 2.5
msec and its amplitude on the minor axis, at peak charging voltage is 2.1 kG. Immediately after
the peak the field is crowbarred with a 4.5 msec decay time.

The flux and index are adjusted by two sets of trimmers that are connected in parallel to
the main coils. The current through the trimmers is limited by a 3.3 mH series inductor to - 10
- 15% of the total current.

The ratio of the average vertical magnetic field (B.) to the local vertical magnetic field on
the minor axis B,0 can be adjusted over a reasonably broad rangs. Figure 2a shows (B,) and
B.o as a function of time with only 16 coils and one set of trimmers connected. The gains of the
two channels in the oscilloscope have been adjusted to include the different sensitivity of the two
probes and the factor of two in the ratio (B,)/B~o. The complete overlapping of the two traces
clearly demonstrates that the ratio (B,)/Bo is very near 2 over almost the entire acceleration
time of the electron ring. In (b) the two traces are offset slightly for clarity.

(a) (b)

Figure 2: Time resolved measurement of the average (B.) and local Bo axial magnetic
field. In (a), the oscilloscope'is adjusted so that the channel recording BE0 has exactly
twice the gain (including the probe sensitivity) as the channel which records (B.). In
(b), the traces are offset slightly for clarity.

Figure 3 shows the spatial variations of the field index at the toroidal position 0 = 2950
at t = 500 and 1500 psec, i.e., after the field diffusion through the vacuum chamber has been
completed. The experimental results are in good agreement with the predictions of EFFI, a static
3-D magnetic code.
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Figure 3: Radial variation of the field index. The measured values are compared to the
profile obtained using a static, 3-D magnetic field code.

2.3. The toroidal field
The toroidal magnetic field controls mainly the minor cros section of the electron ring and

the growth rate of several unstable collective modes. This field is generated by twelve air-core
rectangular coils that are connected in series.

The coils are made of aluminum square tubing and have a 150 cm height and 135 cm width.
The total inductance of the 12 coils is -85/iH and are powered by a 24 mF capacitor bank that
can be charged to a peak voltage of 10.6 kM. At the peak voltage the bank delivers to the co-3s
- 180 kA peak current. This current produces a sinusoidally varying field that has a quarter
period of T/4 = 1.9 msec and its amplitude on the minor axis is 3.9 kG.

The toroidal field is not uniform but varies as 1/r, where r is the radial distance from the
major axis. In addition, as a result of the discreteness of the coils, the toroidal field has a 1-2%
ripple (bumpy torus) along the minor axis.
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2.4 The strong focusing field

The strong focusing field improves the confining properties of the two other fields by reducing
the sensitivity of the centroid and individual particles to energy mismatch and energy spread.

In the NRL modified betatron the strong focusing is generated by four twisted winding. that
carry current in alternate directions.

The left handed windings are located 23.42 cm from the minor axis and have a 209.4 cm S
period, i.e., there are three winding periods over the length of the torus. The windings are
supported by epoxy reinforced graphite jackets and have been designed to carry up to 25 kA.
The windings are connected in series and the peak current and the temporal profile of the field
is controlled by a ballast inductor.

For a stellarator configuration with an I = 2 poloidal number, the toroidal transform s over
a winding period L is given by

1, 1 r , 4p o i ., 2'

S2 L #(a 22, (1)I

where I~t is the current through the windings, Be is the toroidal field, po is the distance of the
windings from the minor axis and a = 21r/L. For a= -0.03/cm, po = 23.42 cm, Be = 0.2W/m 2,

and I,. = 20 kA, Eq. (1) gives & = 46.40, over a winding period.

Another useful quantity is the steflarator field index n*t that is defined, in the linear approx- 0
imation, as1 0

= - (fl:e.t)2 aro (2)n,, = 2flgofleo '

where fllle•t . 4a(opoK2(2apo),flo = is, Bo = , oi the major radius, K2 is the
derivative of the modified Bessei function and fl.o and floo are the cyclotron frequencies of the
vertical and toroidal fields on the minor axis. Since in the NRL modified betatron Jst, fleo and
flo/y remain approximately constant during acceleration, Eq. (2) predicts that n.t scales inverse
proportionally to -y, as shown in Fig. 4.

2.5. Injector accelerator and diode

The injection accelerator14 consists of a Marx generator, a pulse forming line, an output
switch, a ballast resistor, a tail-biter switch and a vacuum transmission line.

The Marx is an oil insulated, 25 stage generator, charged to a peak voltage of ±50 kV. The
generator rises to 2.5 MV in -550 nsec. The pulse forming line consists of a 16.8 cm inner and
59.7 cm outer conductor and is filled with glycol dielectric (e = 40). The output switch is a
self-breaking SF6 insulated switch. The switch body is constructed of plexiglass. The insulator
has been carefully designed to provide good electric field grading in the interfaces with the glycol
and SF 6 , while preserving the impedance in the glycol line.
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Figure 4:- Plot of the stellarator field index n.t versus beam energy ~yo. The field index
is proportional to the square of the winding current and varies inversely with the beam
energy.

wihA low impedance ('-. 12 fl) constant temperature, CUS0 4 ballast resistor is used in parallel
wihthe diode in order to obtain diode voltage regulation by matching the load to the pulse

forming line impedance. Thus, the voltage is held constant regardless of large variations in the
diode impedance.

The pulse forming line is connected to the diode through a 120 0l vacuum transmission line.
To increase the turn-on field and therefore to minimize parasitic emission, the inner conductor of
the vacuum line is made of carefully. polished 1.3 cm, radius molybdenum tube.

Figure 5 shows a top view of the diode. To minimize the magnetic field component transverse
to the emitting surface of the cathode the core of the cathode stalk is made out of high als
ferromagnetic material. The unsaturated state of the ferromagnetic material is prolonged by the
copper housing. The main purpose of the molybdenum cladding is to reduce undesirable electron
emission from the stalk.
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Figure 5: Partially immersed diode with dual emitting surfaces. The molybdenum
cladding reduces parasitic electron emission.

Since the current flowing through the cathode stalk lasts longer than 23 nsec, i.e., the ring
revolution around the major axis, the cathode stalk made symmetric in order to minimize the
magnetic field perturbation from the stalk current on the electron ring orbit. However, only one
electron beam is extracted from the diode because the second beam that is emitted in the opposite
direction to Be is terminated at the anode hole by a thick metal stopper. For gaps with equal
openings, we have been unsuccessful in generating consistently two equal intensity beams and
thus, for the results reported in this paper, the gap of the dummy diode was increased to several
cms.

2.6 The vacuum chamber

The 100 cm major radius, 15.2 cm inside minor radius vacuum chamber has been constructed
using epoxy reinforced carbon fibers. The desired conductivity is obtained by inserting a phosphor
bronze screen inside the body of the graphite. The graphite is 2.5 mm thick and has a surface
resistivity of 26.6 mri in the square. The screen has 250 x 250 wires per inch and is made of 40
gsm diameter wire with an equivalent surface resistivity of 12.8 mfl in the square. The calculated
resistance for the entire vacuum chamber is 57 mfX. The measured D.C. resistance of the toroidal
vacuum vessel is 68±2 mfl. The outside surface of the chamber is covered with a 6.3 nmn thick,
epoxy reinforced fiber glass layer.
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This novel construction technique has several attractive features, including controllable raw-
tivity and thus magnetic field penetration time, high stiffness and tensile strength, high radiation
resistance (up to 500 Mrad) and low outgassing rate (- 10-8 torr/sec-cm3).

3. ZXPEIRIBENTAL RESULTS

During the first mirosecond following injection, the beam dynamics is studied by monitoring
the light emitted from a lOjam thick polycarbonate foil that is stretched across the minor cross
section of the vacuum chamber 1 . This foil is graphite coated on the upstream side to avoid
electrostatic charging. Figure 6 is an open shutter photograph of the light emitted as the ring
passes the foil.

Major Axis Injection Position

Minor Axis
Target FoN (10 jam)

# 5172 B = 1.9 kG
ISF .. 16.kA

V = 580 kV (uncor.)

Figure 6: Open shutter photograph showing •he electron beam spiraling toward the
minor axis of the vacuum chamber. Visible light is emitted as the electron beam passes
through the thin polycarbonate foil.

For several combinations of the injection parameters the beam spirals consistently from the
injection position to the minor axis and is trapped. The transit time of the beam from the
injection position to the minor axis is typically less than 0.5 .sec. The transit time increases with
increasing toroidal field.
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The circulating electron ring current is monitored with two Rogowski coils that are located
inside the vacuum chamber. A typical waveform is shown in Fig. 7. Although some losses
occur immediately after injection, it is observed that the circulating current remains practically
constant during the first 10 psec. Observations are limited to less than 10 psec by the 100 psec
passive integrator. Attempts to use active integrators have been, so far, unsuccessful.

Figure 7: Circulating current measured by a passively integrated Rogowksi coil that is
located inside the vacuum chamber. In this shot, the total observation time is 2psec,
and the trapped current is approximately 0.5 kA.

The ring lifetime is inferred from the x-rays produced when the beam strikes a 2.0 cm wide,
1 mm thick lead limiter. The x-rays are monitored by a collimating x-ray detector (scintilla-
tor/photomultiplier tube) that is located 2.5 m away from the target. A typical waveform of the
x-ray monitor is shown in Fig. 8. From the value of B. field it can be easily computed that the
main peak of the x-ray signal corresponds to a particle energy near 11.5 MeV.

In addition, the acceleration of the ring has been confirmed with the x-ray attenuation
technique and also with the observation of photoneutrons produced from the reaction D(-y, n)H.

The experimental observations show that the spiky shape of the x-ray signal and therefore
the beam loss is due to the excitation of the cyclotron resonance1 5 ,1 6. Experiments are in progress
to locate and eliminate the field error(s) that excite the resonance and thus to accelerate the ring 0
to higher energy.
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Figure 8: Measurements of the beam energy from X-ray emission. The time resolved
x-ray signal (a) shows that the maximum electron loss occurs at approx 600-800 ;&sec.
The corresponding beam energy (b) is inferred from the value of the vertical magnetic
field at the same time.
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Pkmm Pysia Disim. Nm= Rmwek LAbww Y. W a8sm D.C. 20375
(Ranivei 16 JaMaY 1990)

The lifetime of tbs circuating electron boam in the Naval Research Laboratory modified betatro has
bee incamed by mor than 2 ordAr of mqaguid with the addition Of stMg focusing windbp to the
andevice. The imi0cmtd beam consiseny spirah fom the injector to the minor am is and trapped. The
-0.5-kA trapped dectron ring has boe acceerated above 10 MeV from the injection enW of 0.5 to
0.6 M*V. Tle beam acceeration ha bern confirmed nmt oy by the x-ray attenuation techique but
abo with the ddectim of photoontrons.

PAtS amhezm 41.0.E 290.Fj

Accelerators that combine high-current capability and tant experimental results after the installation of the
high effetive accelerati gradwnt are currently under strong focusing windings. Although experiments were
development in several laboratories. These accelera- carried out at various background peures, most of the
toris have two comn= features, namely, strong focusing raults reported in this paper were limited to preNssre
that improves their cumnt-carrying capability and recir- between 2xl0-6 and 8x1O-6 Tort. In this pres;re
culation th enhances their effective accelerating a- ranug the eectron-beam electrical n•etralizatio time by
dient direct collisional ionization of the background gas has

Among these accelktors is the moded betatronk" been estimated to be between 180 and 45 pIcs. Work is
This device is currently under investigntion at the Uni- in progresn to redum the background pressure by at let
vesity of California, lrvine2 and also at the Naval an order of magnitude and thus avoid sbstantialplsma
Research Laboratory' (NRL). In its original form the formation over the entire beam lifetine. Thuis icon-
modified betatron consists of a strong toroidal magnec trust to the mam effort in the Stellatron at lrvim 2 that is
fied and a time-varying betatron field that is responsible focused on the formation of runaway electron beams and
for the acceleration, tbrorm the preure is incmdetally high.

Extensive studies of beam capture and confinement in Dewriptiol of the expahu -s- (1) External mapet-
the NRL modified betatron led to the formation of else- ic fields: The NRL modified betatron comprises three
twon rings with circulating curmnt as high as 3 kA and different external magnetic filds; the betton fiedd that
have furnished valuable information on the critical phys- is a function of time and is responsible for the aedera-
ics issues of the concept In addition, the studies have tion of the electrons, the toroida magnetic •fid that
shown that over a wide range of parameters the ring life- yams only slightly during the accelerat• o of the elm-
time was limited to a few microseconds which is compa- tron rn, and the strong focusing field that also has a
rable to the magntic-fidd diffusion time through the very weak time dependemce The coils that generate
vacuum chamber. Thus, it became apparent from these these three fields are shown schematically in F'g .
relts that the magnetic-fiel configuration of the device (2) The betatron fid: The beftgo 13 magnetic field
had to be modified to increase the beam lifetime and controls mainly the major radius of the gnating clectron
thus to achieve acceleratti A decision was made to ring and is produced by cghteen air-core, circular col
poce ei rapidly with the desig fabricatiom and installs- connected in seres. Their total inductance is aprxi-
tion of strong focusing widins, mately 530 pH. The coils are pmred by an 8.64-mF

Stellarator9 (four twisted windings that carry current capacitor bank that can be charged up to 17 kV. At full
in alternast directions) and Torsatron' (two twisted charge, the bank delivers to the coils a peak current of
winding that carry curm t in the same direction) wind- about 45 kA. The current flowing through the coils pro-
ing configurations were considered. Both configurations duces a field that varie sinusodally with time having a
have advanages and shortcominga. The stearator con- quarter period of 2L msac and an amplitude on the
figuration was finally selectedlnot only because of the minor axis at peak charging voltage equal to 2.1 kG.
small net vtial field and the low current per winding Immediately after the peak the field is crowbarred with a
but also because it is compatible with our contemplated 4.5-mac decay time.
extraction schem1•. 12  The flux condition and fied index are adjusted by two

This paper briefly describes the NRL modified beta- sets of trimmer coils that are connected in parallel to the
treo in its latest form and summaries the most impor- main coils. The currnt through the trimmers i adjust-

Work of the U. S. Government
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Central approximation, aso 10

Tension Rod Dc ~n (on "f-- 2ar/2 n,o00,o

where

Stellarator flex -- 4alaop0 Ko(2ap0),

C3 110o-- e I Bo/m, Bo-2poIlL, a -2x/L, ro is the major
radius, K2 is the derivative of the modifie Bedsel fuac-

c, Ction, and O1,o NWd fleo am the cyclotron frqecie of
the vertical and toroidal fields on the minor aim Sic7..Coil
in the NRL modified betatron lo, m. and 1/ly

a remain approximately constant during acceleration no
scales inversely proportional to the relativistic factor y,.
The stellarator field index is related to the maximum
gradient g [m(OBz/Or)m,'(OBZ/Az)-,u] of the stei-
larator field by no- -g 2ro/2aBroBo. For Bo--2.0 kG,
Bo--25 G, a- 0.03/cm, po-- 2 3 .4 2 cm, and/,,-19

SSpline Trimmer kA, no- 14, and g =20 G/cm.
(5) The vacuum chamber and diode- The 100-cm ma-

FIG. I. Elevation of the device showing the vertical field jor radius, 15.2-cm-inside minor radius vacuum chamber
(V.F.), toroidal field (T.F.), stellarator windings, and some has been constructed using epoxy-reinforced carbon
structural components. fibers. The desired conductivity is obtained by embed-

ding a phosphor bronze screen inside the body of the
graphite. The graphite is 2.5 mm thick and has a sur-

ed with series inductors. Typically -- 10%-15% of the face resistivity of 26.6 mil on a square. The scee has
total current flows through the trimmers. 250x 250 wiu per inch and is made of 40-pm-diam

(3) The toroidal fiel: The toroidal magnetic field wire with an equivalent surface resistivity of 12.8 ma on
controls mainly the minor cross section of the electron a square. The calculated resistance for the entire vacu-
ring and the growth rate of several unstable collective um chamber is 57 mal. The measured dc resistance of
modes. This field is generated by twelve air-core, rec- the toroidal vacuum vessel is 68±t2 mil. The outside
tangular coils that are connected in series. surface of the chamber is covered with a 6.3-nun-thick,

The coils are made of aluminum square tubing and epoxy-reinforced fiberglass layer.
have a 150 cm height and 135 cm width. The total in- This novel construction technique has several attrac-
ductance of the twelve coils is -85 pH and are powered tire features, including controllable resistivity and thus
by a 24-mF capacitor bank that can be charged to a magnetic-field penetration time, high stiffness, and ten-
peak voltage of 10.6 kV. At peak voltage, the bank sile strength, high-radiation resistance (up to 500 Mrad)
delivers to the coils -ISO kA. This current produces a and low-outgassing rate (- 10 -8 Torr/ueccmz).
field that varies sinusoidally with time having a quarter The electrons are emitted from a thin carbon disk
period of 1.9 mmec and an amplitude on the minor axis mounted at one end of a 2.5-cm-diam cylindrical cathode
equal to 3.9 kG. stalk clad with molybdenum. The carbon disk is flush

(4) The strong focusing field: The strong focusing with the molybdenum cladding and faces the circular
field improves the confining properties of the other two opening of the conical anode, that is located 8.7 cm from
fields by reducing the sensitivity of the beam centroid the minor axis of the toroidal chamber. To minimize the
and individual electrons to energy mismatch and energy magnetic-field component transverse to the emitting sur-
spread. face of the cathode the core of the cathode stalk is made

In the NRL modified betatron the strong focusing out of high au ferromagnetic material. The unsaturated
field is generated by four twisted windings carrying state of the ferromagnetic material is prolonged by a thin
current in alternate directions. The left-handed windings copper housing.
are located 23.4 cm from the minor axis and have a Experimental results.-During the first microecond
209.4-cm period, i.e., there are three periods over the cir- following injection, the beam transverse motion is stud-
cumference of the torus. They are supported by epoxy- ied by monitoring the light emitted from a 10-pm-thick
reinforced graphite jackets and have been designed to polycarbonate foil that is stretched across the minor
carry up to 25 kA. The windings are connected in series cross section of the vacuum chamber.' The foil is graph-
and the current temporal profile is controlled by a ballast ite coated on the upstream side to avoid electrostatic
inductor, charging. Figure 2 shows two open-shutter photographs

The stellarator field index nt is defined, in the linear of the light emitted as the ring passes through the foil.
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Major Axis Injection Position

Minor Axis FIG. 3. Output fraom a Rogowsi rad that is located 15"
Target Foil (10 urn) downstream of the diode. Te Plateau (trapped airreat corm-

sponds to 525 A.

disk that is matched to a l-m-diam anode hole. For

* 5172 Be A 1.9 kG such a beam radius the maximum trapped current is he-
Isr u16 kA tween 0.5 and 0.6 kA. The results indicate that the

trapped current increases as the beam diameter in-
ceses. Experiments with larger radius beams are
presently in progress.

# 5214 2.8 kG •The ring lifetime is inferred from the x rays produced
1 SF- 16.6 kA when the beam strikes a 2.5-cm-wide, I-mm-thick lead

limiter. The x rays are monitored by a collimated x-ray
detector (scintillator-photomultiplier tube) that is

FIG. 2. Open-shutter photographs of the light emited when housed inside a lead box. In the results reported in this
the beam passes a 10-pm-thick foil. paper, the x rays enter the scintillator through a 1.94-

cm-diam hole and the detector is located 10.8 m from
the target. A typical wave form of the x-ray monitor is

The light spots near the edges of the photograph are po- shown in Fig. 4. From the value of the B, field it can be
sition fiducials produced by a ring of light-emitting easily computed that the main peak of the x-ray signal
diodes located approximately 0.7 cm from the vacuum corresponds to a particle energy near 11.0 MeV. The en-

* chamber wall. Reflections from the wall are also notice- ergy of the electrons that are lost at a later time is obvi-
able near the upper edge of the photograph. ously higher.

For several combinations of injection parameters the The x-ray signal is very reproducible in both ampli-
beam consistently spirals from the injection position to tude and shape. For the first 200-300 jusec we do not
the minor axis and is trapped. The transit time of the observe any x rays. The time at which x rays are initial-
beam to the minor axis is typically less than 0.5 psec. In ly observed and the times the various signal peaks occur

* shot No. 5172 both the beam current and Bo are low and are directly proportional to Be and inversely proportional
thus the bounce frequency is high. As the beam spirals to dB1/dt. In addition, the temporal occurrence of the
from the diode to the minor axis it creates distinct light
spots as it passes through the foil. By increasing the 1 _7

beam current and Bo the bounce frequency is reduced "- 7

and thus the light spots start to overlap and the spiral be-
* comes continuous as in shot No. 5214. - -

The trapping mechanism is presently unknown. A
likely candidate is the wall resistivity. However, the pre- e -,

dicted decay rate r-' from the linear theory14 for the - ,
parameters of the experiment is between 10 and 20/usec, a
iLe., too long to explain the experimental results. ®

The circulating electron ring current is monitored with a, + 24- , ,,
two Rogowski coils that are located inside the vacuum Sz 2-
chamber. A typical wave form is shown in Fig. 3. Al- -4X , , -l- I2

though some losses occur immediately after injection, the • I I
circulating current remains practically constant during -5 11 -- -I.

the first 10 psec. Observations are limited to 10 psec by -20 0 200 400 oo goo 0 1000

* the signal level and the 100-psec passive integrator. At- Time (p/sec)
tempts to use active integrators have been, so far, unsuc- FIG. 4. Output of the x-ray detector vs time and B./L. at
cessful. the peaks of the x-ray signal for Boo--3.6 kG, Isa-20 kA, and

In the results reported here the injected electron beam ()/Bo- 1.9.
is produced by a diode with a I -cm-diam carbon cathode

* 2376
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x-ray signal appears to be independent of the trapped dependence of the Dopple-shifted cyclotron frequency.
current for at least up to 0.5 kA and also of the back- However. the late-time behavior of the radiation sigsals
ground pressuire up to 6 x 10 - Torr. However the am- is not presently well understood. The radiation signal
plitude of the x-ray upgal decreasesa rapidly with increas- starts to decay after -200 piec, contrary to the predic-*
ing pressure above 8 x 10 " Tofr. For the results of Fig. tion of the theory. It is likely that electron losses, plasmsa
4, the electrons gain energ at the rate of 0.39 keY, formation, or beam displacement out of the field of view
revolution. These electrons lost at the main x-ray peak of the detectors are responsible for the obser ve dis-
have performed in excess of 28 000 revolutions around crepancy.
fth major axis. In our best results the corresponding The authors are grateful to Professor D. Kant, Dr. P.
number is -35000 revolutions and the electron energy Spirangle. and Dr. Y. H. Seo for many illuminating die-
about 12 MeY. cusuions. This work was supported by the ONR and the

The spiky shape of the x-ray signal and therefore the Space and Naval Warfare Systems Commiand.
beam less is consistent with the excitation of the cycle- Note addetE-Since the submission of the paper, the
tron resonance. 13. 1  Figure 4 also shows the ratio BOIB 2  trapped current increased to 0.9-1.0 kA and the beam
versus time. The solid circles are from the experiment energy to 1S- 16 MaY.
and the cro sses are the prediction of the theory. The
poor argument between theory and experiment for low-/
values is probably associated with the omission of
toroidal effects in the theoretical model. The results are Wlapemint address FM Technologies. Inc. 10529-B
also consistent with the excitation of the electron-cycle- Braddock Roand. Fairfax, VA 22032.
tron instability.' 7 This instability is caused by the con- W~peanen addisoc Berkey Reseach Assoctates 5532
pling of the electron-cyclotron mode to the TE,, Hempateed Way, Sprin Fueld, VA 2215 1.
waveguide mode of the torus. Work is in progress to pin- Wilermenent addram Sacll~reeman Associates, 1w,.
point the exact cause of the beam loss. [judower, MD 20785.

The x-ray signal has been studied with the usual at- W1ennaneat addraw Science Applications, Inc, 1710
tenutio tecniqe. layr o led moe ~ s ~ Goodridge Drive, MeLma.a VA 22102.

thick is needed to completely eliminate the signal. A d. Golden an of.in -P)otved oftk them S~svehe law .-
1.3-cm-thick layer does not have any effect on the signal wr.1 JO~fVuly 198 editedby .w Pasrtil aemaW. £admu, Gm-
except on the initial spike that is due to the injected Vzato Karierube G3mbH, Kuar"rue IM). Vol.1,
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toneutrons produced from the D(y~n)H reaction. A tiaral Conference an High-Powe Paenicke Bom (Rd. 1).
plastic tube in the form of a ring containing heavy water Vol. IL p. 857.*
was inserted behind the limiter. The photons produced -&. Humpliries Jr., and L K. Len, in Pmmcdixp of the
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(_- I MaY) the radiation spectrum is dominated by a 6P. Spm an C. A. Kapmetaaks. J. AppI. Phys. 49, 1
peak at the Doppler-shifted Bo cyclotron frequency. As (1978).
the electron energy increases the effect of the B@ cycle- 7C. A. Kapetanakos ea et, Phs Fluids 2C 1634 (I193).
tron motion is reduced and the spectrum approaches that 'N. Rasitoker. Commenits Pleasma Phys. 6, 91 (09M0).
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and 36.5-38.5 GHz during acceleration. Th mesri- 3. W. Maish Natur 3AeL Plandio 197,903(19").
ments show that the amplitude of the radiation scales 14P.. Karatl Nature"A (Lo etndon) 157a9 (1946). 20
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dition, the temporal shift of the first peak is in good "P1. Sprangle (private communication).
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Compact, high-current accelerators and their prospective applications*
C. A. Kapetanakoe,t L K. Len,") T. Smith, D. Dialetjs,b) S. J. Marsh,c) P. Loschialpo,
J. Goldend) J. Mathew, and J. H. Chang
Plasma Physic Deii Natal Reswa c L.aborato, Washaigton. DC 203 75-5000

(Received 5 December 1990', accepted I April 1991)

This paper briefly surveys the three compact, high-current accelerators that are presently
under development in the United States in support of a national program. In addition, it
reports recent experimental results from the Naval Research Laboratory (NRL) modified
betatron [Phys. Rev. Lett. 64, 2374 (1990) ] with emphasis on the electron-cyclotron
resonance that presently limits the energy of the beam to approximately 18 MeV. Finally, it
briefly addresses selective existing and prospective applications of accelerators.

I. INTRODUCTION been suggested,"s such as water purification, sludge disin-

Over the last 60 years the technology of high-energy fection, cracking of crude oil, and excavation of tunnels, all
accelerators has advanced to a remarkable level of sophisti- requiring high-average power and low unit irradiation cost.
cation.' These conventional accelerators are designed to These applications are presently on hold waiting for the de-
operate reliably at high energies but at relatively low current, velopment of inexpensive beams.
primarily to avoid complications related to beam self-field In this paper, we briefly survey the three compact accel-
effects. Thus the beam dynamics in conventional accelera- erators that are currently under development in support of
tors is determined mainly by the externally applied fields. the DARPA/services program and report recent experi-

Over the last several years, it has become apparent that mental results from the NRL modified betatron. The last
accelerators with both high current and high-average power section briefly addresses existing and prospective applica-
could have interesting applications not only in national de- tions of accelerators.
fense2 but also in several areas of the civilian economy.'

In contrast with the conventional accelerators that IL REVIEW OF COMPACT, HIGH-CURRENT
operate in the single-particle regime, high-current accelera- ACCELERATORS
tors operate in an uncharted territory, in which space charge Compact, high-current accelerators are currently under
effects from the self and image fields are as important as development at the University of California, Irvine,4 Uni-
externally applied fields. The free energy stored in the in- versity of New Mexico," Pulse Sciences Inc.6 (PSI), Sandia
tense self fields of these beams can drive collective instabili- National Laboratory7 (SNL), and the Naval Research Lab-
ties and strong magnetic fields are needed to reduce the rapid oratory3 (NRL). All these concepts are induction accelera-
growth rate of these unstable modes. Several of the key phys- tors. The reason is that induction accelerators are inherently
ics issues associated with the high-current accelerators are low-impedance devices and thus are ideally suited to drive
similar to those in plasma physics. Therefore it is not acci- high-current beams. The acceleration process is based on the
dental that the majority of researchers that are presently electric field produced by a time-varying magnetic field. The
developing this technology have been trained in plasma electric field can be either continuous or localized along the
physics and not in conventional accelerator technology, accelerating path.

Compact, high-current accelerators are currently under This section briefly reviews the three electron accelera-
development in several laboratories.3"7 As a result of their tion concepts that are part of the national program: The spi-
compactness and light weight, these devices are expected to ral line induction accelerator (SLIA) developed at PSI, the
be substantially less costly than conventional accelerators of recirculating linear accelerator (RLA) developed at SNL,
comparable power. In addition, because of their high-cur- and the modified betatron accelerator (MBA) developed at
rent carrying capability, these accelerators have the poten- NRL. In addition to being inductive, these three accelerators
tial to generate very powerful electron beams that can pro- utilize strong focusing in order to improve their current car-
vide high dose rates at reduced unit irradiation cost. rying capability and recirculation to enhance their accelerat-

During the last several years several applications have ing gradient.

"Paper 116. Bull. A, Phys. Soc. 35,1919 (1990). A. Spiral line Induction acoeerator4

'Invited speaker.
"Permanent addres: sFM Technologies, Inc., 10529-B Braddock Read, The SLIA concept is shown schematically in Fig. 1 (a).
Faimx, Virginia 22032. The beam is injected at one end of the spiral line and is accel-
Permanent addre Sciec Applications, Inc., 170 Goodridpe Drive, erated at the advanced test accelerator (ATA) type acceler-
McLean Virgina 22102. ating cells. The minor radius of the beam is controlled by an

C) Permament addrem SFA, Inc., Landover, Maryland 20785.
"Permanent addres: Berkeley Reuearch Associates 5532 Hampsead axial magnetic field and the beam is guided at the bends by a

Way, Springfield. Virginia 22151. static vertical and strong focusing field. At the e4 the beam
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SLIA a energy is equal to the injection energy plus the energy
per pass times the number of passes.

Since the SLIA is open-ended, difficulties associated
Swith injection and extraction are avoided. Furthermore, this

configuration provides flexibility in the selection of shape of
the electron pulses. Important outstanding technical isues

u.1 ..". associated with the SLIA concept are the excitation of the
"beam breakup instability (BBU), the matching of fields be-
tween the straight sections and the bends, and the develop-
ment of high-frequency power supply for driving and reaet-

R LA (b) ting the ferromagnetic cores.
"A proof-of-concept (POC) experiment is presently un-

der design and construction. Its most important parameters
are listed in Table 1. The 3.5 MeV, 10 kA, 35 nsec duration
injected beam pulse will be accelerated to 9.5 MeV by pass-
ing twice through the two, 1.5 MeV accelerating units.

B. Recirculating Unear accelemtor'

The RLA is shown schematically in Fig. 1(b). The in-
SICSjected beam is accelerated by dielectric cavities that are S

placed in tandem along the straight sections of the race
track. Beam focusing is provided by an ion channel formed

Himu by a low-energy, low-current electron beam. A time-rising
vertical magnetic field guides the beam at the bends.

Important advantages of RLA concept are the suppres-
sion of BBU and the wide energy bandwidth provided by the
ion channel. In addition to injection and extraction, main-
taining the integrity and centering of the ion channel during
acceleration and avoiding beam erosion are key technical
issues.

A POC experiment is currently under construction. Its
most important parameters are listed in Table I. The 3.5
MeV, 10 kA, 40 nsec duration electron beam pulse will be
accelerated to 8-10 MeV by passing three times through the

.two, I MeV dielectric cavities.

C. The modified betatron accelerator*-1 "
FIG. I. achematics of the three compact, high-current accelerators present-
ly under development in support of the national compact accelerator devel- In both the SLIA and the RLA, the accelerating electric
opment program. field is localized at the gaps. In contrast, the electric field in

the MBA is continuous along the entire beam path and thus

TABLE I. Parameters of proof-of-concept (POC) experiments.

SLIA RLA MBA

Injected beam Injected beam Injected beam
Energy -3.5 MeV Energy 3.5 MeV Energy 0.6-0.7 MeV
Current - 10 kA Current 10 kA Current (2 kA
Duration - 35 nsec Duration 40 nsec Duration --40 nsec

Axial mag. field 5.5 kG Torus major radius 100 cm
Vert. mag. field (0.32 kG Channel radius 1.5 cm Torus minor radius 15 cm
S.F. gradient (0.25 kG/cm Channel density/beam density 0.4 Toroidal mag. field 2-5 kG
No. of pases 2 No. of passes 3 Vertical mag. field B_ 0-2 kG
No. of ac. units 2 No. of cavities 2 Current in S.F. windings 20-25 kA
Energy pin/acc. unit 1.5 MeV Energy gain/cavity I MeV No. of S.F. field periods 6

dk.Idt< 1.5 Glý/uc
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the accelerator is constrained to circular shape. An artist's ing, the direction of the poloidal motion can be reversed and
conception of the MBA is shown in Fig. I (c). The injected the beam spirals to the minor axis.
beam is accelerated by the time-varying vertical (betatron) The resistive wall trapping mechanism has been ana-
magnetic field B,. The toroidal magnetic field B, controls lyzed previously.'" The linear theory was done for a beam
mainly the minor radius of the beam and the growth rate of near the minor axis. In this case, the relevant diffusionme
the various unstable modes while the vertical and strong fo- isr, =••oa/2p, where a is the minor radius of the torus andp
cusing fields control mainly the major radius of the electron its surface resistivity. For the parameters of the NRL-MBA,
ring. The stability properties of the stellarator windings for r-, = 10 psec. The linear decay rate r - ' from the theory is
high-current beams were studied initially by Gluckstern' 2 in between 10-15 Asec, as expected. This time is at least a factor
linear geometry and by Roberbon" eta. in toroidal geome- of 30 too long to explain the results.
try. In contrast to the analysis that assumes the beam is near

Important advantages of the MBA are the natural syn- the minor axis, the beam in the experiment during injection
chronization of B. and particle energy, the absence of the is near the wall and therefore the relevant diffusion time is
BBU mode and its compact size and light weight. Outstand- r, = 1 A, A/1 2P' where A is the thickness of the wall. The
ing technical issues are the suppression of the cyclotron re- ratio -r, I/r2 = vr2a/A - 300. The fact that r2 is substantially
sonances, collective instabilities, and the extraction of the shorter than the observed trapping time is not surprising
beam. since the beam remains near the wall only for a short period

A POC experiment is currently in operation at NRL. of time. Experiments are presently under way to test the
The various parameters of the device are listed in Table I. Its hypothesis of the resistive trapping.
objective is to study the critical physics issues associated The x rays are monitored by three collimated x-ray de-
with the concept and to accelerate at 1 kA, 20 nsec electron tectors (scintiliator-photomultiplier tube) that are housed
beam pulse to 20 MeV with subsequent extraction of the inside lead boxes. In the results shown in Fig. 2, the x rays
beam."4 Presently, the trapped electron beam has been ac- enter the scintillatc,r through a 1.94 cm diam tube and the
celerated to between 17-18 MeV from the injected energy of detector is located 10.8 m from the vacuum chamber. As a
0.6-0.7 MeV. The maximum trapped current is up to 1.5 kA rule, the shape of the x-ray signal recorded by all three detec-
and the trapping efficiency is as high as 75%. tors is spiky and the peaks always occur at the same value of

B80 /B, (Boo is the toroidal and B. the vertical magnetic
fields on the minor axis) independently of the current flow-

III RECENT EXPERIMENTAL RESULTS FROM THE MBA ing in the stellarator windings.
The NRL modified betatron accelerator has been de- In addition to the x-ray pulse, Fig. 2 shows the ratio of

scribed previously3 '"*1 `' and a summary of the initial experi- B9 0 /Bo at the peaks of the signal. The solid circles are from
mental results has been published. ' 6 In this paper, we sum- the experiment and the crosses are from the resonance condi-
marize the highlights of the most recent results. tion B 0o/B, = (212 - 1)/21, 1 = 1,2,..., of the cyclotron

During the first microsecond following injection, the resonance, ..." The solid line shows the trend of the experi-
beam motion is inferred from the light emitted when the mental results with time. For I = 8, 9, and 10, experiment
electrons pass through a thin (3 tm) plastic foil stretched and theory are in good agreement. However, for the remain-
across the minor cross section of the vacuum chamber. The ing 1 values there is noticeable divergence between the theo-
open shutter photographs show that for a wide range of ex- retical predictions and the experiment.
perimental parameters and after fine tuning the fields, the The theory of the cyclotron resonance has been devel-
injected beam consistently spirals from the injector to the oped under the assumption that the beam is located on the
vicinity of the minor axis and is trapped. The beam travel
time from the injector to the minor axis depends on the val-
ues of the various fields and is typically between 300-1000 0.2-

The trapping of the beam is most likely due to the wall 5 _
resistivity of the vacuum chamber. The physical mechanism - -

of the resistive trapping can be understood as follows. Con- "
sider a pencil-like electron beam inside a cylindrical pipe • -0.2- - 7

with finite resistivity wall. Because of the resistivity of the M-"
wall, the electric and magnetic images do not coincide and 0 .4 - o
thus the centroid of an off-axis beam experiences a negative V) - ID C1

radial magnetic field component. This field component >, • 21

crossed with the axial velocity of the beam produces a poloi- - ~o.6

dal force, which is in the opposite direction to the poloidal X
motion of the beam. In the absence of the strong focusing -o.s- { , - -, ,--

and when the self-fields dominate the external fields (high- -200 0 200 400 600 500 1000 1200

current regime), the poloidal force in conjunction with the Time (,usec)
axial (toroidal) magnetic field drives the beam to the Wall FIG. 2. X-ray pulse and ratio of B,,,,/B, at the peaks of the x-ray signal.

(drag instability). However, in the presence of strong focus- The main peak corresponds to 17.2 MeV.
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m ai s .z However, the expermental observations indi- I .......
cae that the electronrigstarts to move ofamis after 200- 1W I I

300 Psec. Recently, the thm y of the cyclotr resonance I I I I
las been extended dtoia beimthat is located onthe midplae i

but offd te ami. For such abeam thae resonance adi- iI I I I
tions becoam I 4 I 4 "

lIII II

whm.ereistheumajorridus, 0 .0oislthcyclotronfrq y III ife Iuenc
ofthe toroidaI feld, y is th reat isticfactorand ishe IIi
nlormalized toroidal velocity. Perfec match between t he e- GIoII., . I I
peiental resutsand theresed themy is obtainedif it is
assumed that the equilibium position of the beam moves aI

initially oward the major axis and then away from it with a j

constant outward radial speed of 0.23 mm/psec, starting at 11I
about 46 0 MuseC. 2 l 1I

L111 IIn amodifed betatron with strong focusing windings, .1..... .... ....

there are four characteristic transverse modes'3  ± . In- s ao as m a, s s , s so
teger resonances occur when the frequency of these mode, 7
in the laboratory frame, over the relativistic cyclotron fre-
quency of the vertical field flooy/ on the minor axis is an PM0.3. BDem emsuamd htegercycloh resmmaom for the parameter list-
integer, i.e., when ad i T"e IL

e+±l */(o'/r)=K, where K= 1,±,2,....

Tle cyclotron resonance occurs when +w+ I(l.1,/y) = K,
and, for the parameters of the NRL modified betatron listed bit. Now, let us assume that a negative vertcal field distur-
in Table IL the cyclotron resonances are shown in Fig. 3. It is bance AB, is introduced at a short segment of the orbit with
apparent from this figure that as the beam energy increases, toroidal half-width AO. As the dectron crosses the distur-
the beam centroid crosses progressively lower-integer num- bance, it sees a reduced B, and tries to acquire a larger radi-
ber resonances. us. Thus, its velocity vector rotates clockwise and the alec-

In the general case, the expressions for the four charac- troe develops a radial velocity component. As a result, the
teristic modes w• ± are very complicated. However, for electron starts to rotate around B0 and its orbit is trans-
modest beam and strong focuing winding currents, as those formed from a circle into a helix. When the resonance condi-
found in the NRL device, the modes are considerably simpli- tin is satisfied, the electron will return to the disturbance on
fied. Under these conditions, w + = - (0.0 /y, where m is phase and it will acquire additional radial velocity and the
the number of field periods. In addition, when Boo )Bo, the radius of the helix will further increase.
resonance condition takes the very simple form B, 01Bo = 1, The combined motion of the electron around B. and Be
where 1 = 12... . Therefore the cyclotron resonance is due is very similar to the motion of the Earth around the Sun and
to the coupling, caused by a field error(s), of the cyclotron its axis. Fortunately, the time it takes the Earth to orbit the
motions associated with the toroidal and vertical fields. Sun ( 1 yr) over the time it takes the Earth to spin around its

The physical mechanism of the cyclotron resonance can axis (1 day) is 365.242 199, i.e., is not an integer. By select-
be easily understood with the help of Fig. 4. Consider an
electron rotating in a uniform vertical field B, in the pres-
enceofa toroidal field B,. When this electron is at its equilib-
rium position, its orbit is a circle, centered around the major CY T REONCE

axis, and the velocity vector is tangential to the circular or- Unisd re
• Undisturbed

Orbit

Maor
Axis E60Br (r)

TABLE II. Parameters used in the computation ofcyclron modes shown
in Fig. 3.

, "•..._...•_•vdoaty .. wct..r am,,s the masehti damuthau.

Toroidal mane l B. 5 kG - vd.odty -w , fta ai t .h.. d ,,wbm 48.

Beam Current I kA
Tors major radius I00 cm
Torus minor radius 13 Cm Av,. a -2 (f.,)M AE - Toroidal Wa wHitih of masueti dktaebaace

eoms minor radius I cm
&F. P dd periods 6 FIG. 4. Physical mechanism oftbe cyclotron resonance. Thedisturbance is

located at approximaly 5 o'clock at rdius P..
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Ing the ratio year/Jay 0 integer, nature has avoided the ,.,-o
excitatioa of a resonance from gravitational disturbances.
As a consequence of this selection, the calendar had to be
refrmed three times (Caesar, Augustus, Pope GregMry
XIII) over the last 2000 years. However, this is a rather
smal price to pay.

Since the initial observation of the cyclotron resonance
in the NRL device, we have uncovered several field distur-
bances. By correcting these field deficiencies, a substantial
increase in the beam lifetime has been observed with subse-

quent increase in the beam energy. One of the most impor-
* tant field errors was caused by the ports of the vacuum -, -

Schamber. The ports disturb the flow pattern of the current
induced by the rising B. and create magnetic dipole-type
field errors. The measured field errors from the ports and FIG.6. TE,,p modes of the toroi".i chamber and cyclotroa mode. The
their Fourier modes are shown in Figs. 5 (a) and 5 (b), re- cyclouo mode moves frM left to nght as the eical mawmt - ai d

spectively. Figures 5(c) and 5(e) show the normalized rim while the toro"d agnetic Said remins pacticay .

transverse velocity components and 5 (d) shows the normal-
ized toroidal velocity as a function of time from the numeri-
cal solution of orbit equations. It is apparent that both trans-
verse velocity components increnw at the expense of the R - - (ro/cflso)(do/dt)/(dOl~1/dt) is the normalized
toroidal velocity as the beam crosses the I = 10 and 9 reson- time rate of the cyclotron mode caused by the rising B, field.
ances. The parameter n` is the exact stellarator field index.' 3

It has been suggested that the beam loss in the modified Strong interaction is expected when the cyclotron mode
betatron may be caused by the excitation of the cyclotron crosses the cavity modes near cutoff because both R and
instability2" instead of the cyclotron resonance. This insta- n- are small
bility results from the coupling of the cyclotron mode to the To determine the importance of the cyclotron instabil-
TE, ,p modes of the toroidal chamber and is characterized by ity, an attempt was made to measure both the poloidal B
the resonance condition [Beo/Bwo = (xrg/a2 +0p2)'/2 and toroidal Be0 magnetic field components of the electro-
- pA6 1, where x' = 1.841 and p is an integer. Figure 6 magnetic modes inside the toroidal chamber using a fast,
shows the cavity modes w,,, and the cyclotron mode w for broadband B probe. The results of these measurements indi-

several values of fleo/no- The parameter cate that the peak of B • is less than 3 X 10- 5 G near cutoff

Field Disturbances from the Ports Normalized Veltie

0

4.0 f -10

a 4 a 12 is 20 24

LO rime (ASeC)

0 VFIG. 5 crauago(I= l0and9cycio-
(d

0 .O 4 .0 &a (d) t resonance duidas acceleratmn
e Y =16.4 7Y18.2 (a) Measured fdddistsoe froim

10 .the ports of te vacuim chamber, (b)

(b) Fouriermnodeboftdediistlrbancel (c)

1060 4 12 Is 20 and (e) normaiized trainvene veloc-
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(BZH/B 2 L) = 1.82 ISF 21 kA

FIG. 7. Two x.ray signals taLen under identical conditions except for the time rate of the vertical field 5. The electron ring lifetime varies approximately
inverse proportionally to B:.

0

(580 MHz), i.e., the amplitude of the electromagnetic eratos today and is used extensively by several companies
modes inside the torus is negligibly small. Since the B e re- both in the U.S. and abroad. For example, the Cryovac Divi-
quired to excite the cyclotron instability is between 3-10 G, sion of W. RL Grace utilizes in excess of 40 electron accelera-
it is very unlikely that the beam loss is due to the cyclotron tors with an aggregate beam power in excess of I MW. The
instability. In addition, the absence of electromagnetic annual value of irradiated products is - $80O M. Raychem
modes with appreciable amplitude inside the toroidal cavity
precludes the parametric instabiity2 as a serious beam loss
mechanism.

The hypothesis that the beam loss is due to the cyclotron
resonance is also supported by the fact that for a fixed toroi- TABLE Ill. Application of accelerto.
dal magnetic field, the ring lifetime varies approximately in- Dited
verse proportionally to the time rate of the vertical magnetic Dose or aveag
ield dB:/dt. Figure 7 shows the x-ray pulses for two shots Application dose rate power

with identical parameters, including the beam-trapped cur- (1) Radiation therapy 025-1.4 Gy/min VL
rent, except for dB./dt. By reducing dB,/dt by a factor of (2) sihlization
1.82, the beam lifetime increased by approximately the same Pharmaceuticals 20-30 kGy H

amount. Hunan transplants 10-20 kGy L
Musical instruments 10 kOy L
Potable water I kry H

IV. EXISTING AND POTENTIAL APPLICATIONS OF (3) Radiative l'ouemnH
SludEe disinfection 4-0 kGy H

ACCELERATORS Food preservation 1.0-25 kGy H
Table III lists selective existing and potential applica- Cellulosedepolymeriation 5-10 kGy H

SnGraft copymization 10-20 kGy H
tions ofaccelerators. The first column shows the application, Curios of coatings 20-50 kGy M 0
the second the dose or dose rate, and the third the desired Vulcanization of silicones 50-150k~y H

average power. The required dose varies from a fraction of a Croslinkae of polymers 100-300 kOy H
Gy for radiation therapy to -- I MGy for cracking of crude Vulcnization of rubber 100-300 kGy H

Flue-si ckean up 20-30 kGy H
n!. i.e., it spans approximately, seven orders of magnitude. Cracking of crude oil 1000 kOy H

ith the exception of the last application listed in Table III, Radiography 10-100 Gy/min M
he rest of them have already been discussed in the scientific Excavation of tunnels 100-200 kGy VH

literature.'1'. Burning of nuclear wastes VH

The radiation-induced cross-linkage of polymers is VH > tens of MW, H,.several hundred kW M= 10-100 kW, L-kW,
probably the most important industrial application of accel- VLgkW.
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Corporation utilizes more than 20 accelerators in the energy Command (SPAWAR).
range 0.3-10 MeV. The annual value of the irradiated prod.
ucts is - $1000 M. Accelerators are also used extensively by
Western Electric to irradiate telephone wires. However, the
company is unwilling to release any information related to
this activity.

Recently, accelerators have been utilized to induce cur-
ing of composites. 23 These fiber-reinforced polymers2 ' are 'iW. Schaf, in Particle Accelerators and their Uses. edited by F. T. Cole

presently used in several applications, including aircraft (Harwood Acadeir, Londo, 1986),p. 839.
1 G. R. Lubkin (Editor), Phys. Today 36(g), 17 (1983).

frames and wings, automobile bodies and doors, rocket mo- 'c. A. Kapeftnakos, L K. Lem T. Smith, J. Golden, K. Smith, S. J. Marsh.

tor cases, oxygen tanks, printed circuits, and tennis rackets. D. Dialetis. J. Mathew, P. L chiaipo, and J. H. Chang, Phys. Rev. Lem.

Curing the composites with electron beams has two impor- H , 2374 (1990).
tant dvanages (0 Cringtimeis rducedby amosttwo H. hshizuka. R. Prohasko, A. Fishr, and N. Rostoker, in Pmoeeding of

tant advantages: (1) Curing time is reduced by almost two th 7h Internatioal Conference on High-pawr Particle Beaws (Kern-
orders of magnitude (from 4 days to 2 h), and (2) thermal forschugstrum Karsruhe GmbH, Karisruhe, Germany, 1988). Vol.
stresses are reduced and thus the quality of the product is IL p. 857.
substantially improved. 'S. Humphries, Jr. and L K. Len. in Proceedings of 19871WEU Particle

20 Accelerator Conference (IEEE- New York, 1987), p. 914.
Aerospacial has recently purchased two, 10 MeV, 20 'V. Bailey. L Schlitt, M. Tiefenbank, S. Putnam, A. Mondelli, D. Chernin,

kW accelerators from CGR to irradiate rocket motor cases and J. Petefo, in Proceedings of 1987 IEEE Particle Accelerator Confer.
at 5 Mmd. ence (IEEE, New York, 1987), p. 920.

The last application listed in Table III is presently under W. K. Tucker, S. L Shope, and D. E. Hasti, in Prixeeding of19871EEE
Particle Accelerator Conference (IEEL New York, 1987), p. 957.

development at Los Alamos National Laboratory.2
5 Briefly, ' M. R. Cleland (private communcation).

it requires a 1.6 GeV, 25 mA proton beam that strikes a Pb- P P. Sprangle and C. A. Kapeanskos, J. Appl. Phys. 49,1 (1978).

Bi target producing 55 neutrons per proton. The long half- 0 C_ A. Kapetanakos, P. Sprangle, D. P. Chernin, S. J. Marsh, and 1. Haber,
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Diffusion of magnetic fields in a toroidal conducting shell of circular cross
section
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The diffusion of an external magnetic field through a toroidal conducting shell is studied under
the assumption of a small aspect ratio. The external magnetic field can have an arbitrary field
index and magnetic flux on the minor axis of the torus. The diffused field, field index, magnetic
flux, and wall current are computed analytically and compared with the numerical results
from the TRIDIF code. The analytical and numerical results are in good agreement.
Measurements in the toroidal chamber of the NRL modified betatron gave a delay time of 34
iusec, which is less than 10% from the theoretical prediction of 37 ;&sec.

1. INTRODUCTION the delay time r,,. For a linearly rising applied magnetic field

Over the years abundant analytical work has been done the delay time for a cylindrical conducting shell is equal to

on the diffusion of the magnetic field in hollow circular cy- Ir'. On the other hand, in a toroidal conducting shell the
lindrical conductors of infinite length,"- and has led to the delay time depends on both -r, and r, and also on the flux

understanding of the diffusion process in such a geometry. condition, i.e., the ratio of the average field to the local field

Much less attention has been given to the diffusion of fields on the minor axis. Specifically -r, = (m-r + 31r, )/2 for the

in toroidal vessels. As a rule, the diffusion problem through special case of a field that satisfies the betatron flux condi-
toroidal chambers is more complex than through cylindrical tion, i.e., when the value of the flux condition is equal to two.
conductors. The difficulty in toroidal geometry is due main- In contrast to the field, the current flowing on the wall of

ly to the application of the boundary conditions in the inner the conducting shell depends only on T,,. Thus, by measuring
and outer surfaces of the torus. However, when the wall experimentally the delay time of the fields and also the rise

thickness of the torus becomes small in comparison to its time of the wall current, all characteristic times can be deter-

minor radius, i.e., for a conducting shell, then the problem mined.

simplifies considerably. The toroidal shell approximation The results of the analysis have been compared with the

has been used to compute analytically the magnetic field of predictions of the two-dimensional finite difference numeri-

two toroidal segments, that carry known time-independent cal code TRIDIF.- The agreement between theory and nu-

currents. In this paper, we have extended the work of P. merical computation is fairly good, in spite of the fact that

Rolicz et a.•' to study the diffusion of fields through toroidal the theory was done for a toroidal conducting shell, while in
conducting shells, the numerical computation the torus had finite thickness.

The analytic results are further simplified under the ad- Specifically, the delay time predicted by the analysis is ap-

ditional assumption of a small aspect ratio toroidal conduct- proximately 5% longer than the prediction of the code. Simi-

ing shell. To the lowest order on the aspect ratio, our work larly, the temporal profile of the wall current from the analy-

indicates that the diffusion of fields through a conducting sis and the TRIDIF code agree to within a few percent.

shell of conductivity o, major radius r,,, minor radius a and However, the temporal profile of the external field index and

thickness d,,., depend on three characteristic times r,,, -,, and flux predicted by the theory and the code are in good agree-
•,, where T1 =/zocrad,,./2 (diffusion time), ment after a few delay times but not initially.-. = 2T1 [nh(8rr/a) -r2] (LIR time), and r" = r'/2. In The delay time predicted by the theory and the code has

contrast, the diffusion process in cylindrical shells depends been compared with the delay time measured in the toroidal
on a single characteristic time (-",). chamber of the NRL modified betatron. For the parameters

It is well known that there is a time lag between the of the NRL device, the computed delay time is 37/usec, while

magnetic field in the interior of the conducting shell and the the measured delay time is 34psec. The less than 10% differ-
externally applied magnetic field. This time lag can be easily ence between the two delay times is probably within the un-

measured in the laboratory and therefore is a useful physical certainty of the measurement.
quantity. When the transient phase of the diffusion process is In Sec. II, the theory is developed and a comparison is

over, the time lag becomes independent of time and is called made with the numerical results obtained from the TRIDIF
code. Section III contains a description of the NRL toroidal
device and of the coils that generate the external magnetic

"Science Applications International Corporation. field, and the measured quantities are compared with the
h, FM Technologies, Inc. theoretical results. Finally, in Sec. IV, the conclusions are
"Berkeley Research Associates. presented.
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II. THEORY AND COMPARISON WITH NUMERICAL use toroidal coordinates. The cylindrical cdordinates (rz)
RESULTS are related to the toroidal coordinates (',•) by

The diffusion fields are computed near the minor axis of sinh 7)
the circular cross section, toroidal conducting shell. As cosh 7 - cos
shown in Fig. 1, the conductor has a major radius r, a minor sin -"
radius a. wall thickness d,,., where d,, Ca, and conductivity Z = b s (6!b)
c. In the presence of an external magnetic field which is oh 77 - cos 4"
axisymmetric and time dependent, the diffused magnetic where b is a constant. These relations can be easily inverted,
field inside the conductor is described by the diffusion equa- namely
tion e ((7a)

dA kr2 / (r+b)2 +i2,(a
VXVXA = (1)

at e-Ifrl(l b±+1 ( l + b)e-2, (Th)
where the vector potential A has only one nonzero compo- e r 2cos " -- - 2
nent A,, that depends only on the cylindrical components From Eq. (7a), we see that for fixed 17, the coordinates (rz)
(r,z) and on the time. The magnetic field components are describe a circle whose radius is b /sinh 7q. If for V7= iTo this
given by circle coincides with the toroidal shell whose minor radius is

dA,, a, then it is straightforward to show that

- -z (2a) b= r [l - (a/r0 )2] t/2. Thepoints (714) outside the toroi-
I drA, dal shell are determined by the inequality I < Ylo, while the

B: - , (2b) points inside the hollow region of the shell are determined by
r dr '7> qo.Inboth regions, the right-hand side ofEq. (1) iszero

while the electric field is equal to and, in toroidal coordinates, this equation reduces to
E, = - A,, (3) h,1_ho [ 9 hhh cAo " heh, - A9 l

(3)~ h [1- tk/hid, + a hV

Equation (1) is identical to Ampere's law combined I
with Ohm's law inside the conductor. In the special case, - A(8)
when the toroidal conductor is a shell, i.e., when d,,. 4a, this
equation can be integrated and provides the first boundary where

condition, i.e., h, = hi b (9a)
nx (B'"' -- B1') =/1o d,,.E ", (4) cosh i7- cos4" '

where n is the unit vector normal to the conducting wall and b sinh q (9b)
directed towards the region outside the conductor and P,, is =cosh - cos

the permeability of the vacuum. The second boundary con- If we set A0 = b(cosh 77- cos 4.)"2F(774), then the differ-
dition is obtained from the requirement that the electric field ential equation satisfied by F(q,7) is a separable equation
is continuous across the boundary, i.e., and its solution can be expressed in terms of the toroidal

E'"= E"''. (5) functions. Specifically, the solutions of Eq. (8) in the two

For a small aspect ratio a/r0 vessel, it is appropriate to regions inside and outside the toroidal shell are

A'•n = b(cosh 17 - cos 4)" 2 • Eaa,, (t)
Mw-0

X ,_ i/2 (cosh 7/) cos mtý, (10a)

A Ou' - A "I + b(cosh 71 --cospl)/2 c, eb.(t)

X Prn - /2 (cosh il) cos m4, (10b)

out where eo = 1, e,,, =2 when m = 1,2,3,....

nP _ -,2 (cosh/7 ), Q,_,2 (cosh 77 ) are the associated Le-
-- ..... gendre functions of the first and second kind, respectively,

r and A '(17/,,t) is the vector potential associated with the
-b applied external field. The time-dependent parameters

a,, (t) and b. (t are determined from the boundary condi-
tions. Since the 4 component of the magnetic field is equal to

Wall Conductivity a = - h, 1 h

FIG. 1. Toroidal shell and coordinate systems used in the analysis. and the external field is zero at t = 0, the boundary condi-
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tions of Eqs. (4) and (5), expressed in terms of the vector (a, - a) ,,(cosh i10
potential A., become b. P 1  (14)M _ /21(cosh 7o )

A ('7o,4,) = A 0(no,'), (12a) Similarly, Eq. (12b) together with Eq. (14) and the identi-
(cosh 7o0 -- COS t)3/2 4 ty (u

QA ,(u) du

( s. d0- a,,(u) _ 4m2- I1
X\ (osh'7'__COSA)/2 , du 4(u 2--- ()

-. A_ o ()12b) leads to the following set of coupled differential equations

7t for a,,,

where -r =,ouod,.b. ao = -- (ao - a•A) +
In the following, we shall assume that there are no exter- rO T, cosh 70

nal current coils very near the toroidal conductor or inside it.
If - is the toroidal coordinate of the coil nearest to the mi- X (csh ) (a a"), (16a)
nor axis, and such that 17, < 77, then the external vector po- Q- /2 (cosh %7 )
tential A '6" is given by 1 1 1

r,. r., 2 cosh Vo
A• b(cosh 7-- _COS ) 12,,= E.a"V() Q-2(ch7)(a_--a._,)+ 1

M QM 32 ,, (cosh 7o0 ) s 1

xQ' - /2 (cosh 7) cos mr, (13) Q, h 770),a,

fQf + ,/2 (cosh 7o)X -(a..,-at.÷' )
for all 7 > V,. The time-dependent parameters a,,'(t) are 2 cosh i7o Q _ ,. (cosh 70)
known and are associated with physical properties of the (16b)
external field, such as external field index, flux condition, where m = 1,2,3, ... and
etc.

Now, it is straightforward to compute the unknown co- . 4-r tanh c70
eflicients a,,,,b,,, from the boundary conditions. From Eq. 4m2 - 1 -- 2 (cosh 9)

(12a) we obtain (17)

The toroidal functions PM - .,, and Q•,, /2, appearing in Eqs. (16a), (16b) and (17) are given by the following exact
expressions'

21r(m) (,-, n+ 2(n-m+-+
P" .' 1/2 (cosh 17) ---- /r( )(sinh n)"e( .... /2)tx (] -o •m°) I "o •( ) e- 2"'

* n./2 m -n + I) 0SO -M)

( - i)-2÷'rm r+n+ (n+ )(m+n++
+ 7m ) (sinh 7 )ne (m+-"+ 1/2),• 2 .2), e_-

v ,/r(, + 6) .- o0 s!(m+ 1),

X [ln(4e") + u, + u,.+, - v.÷, -. VM+,+,], (18a)

( - )2"l"(m + n + -- )r/-2 (n + -) (m + n + I

Q , -. (cosh 7) = r(m + 1) (sinh 7)"e h s!(m +) " -1

(18b)

where

(a),---a(a +1) (a+ 2) ... (a+ s- 1), ()--,(19a)

1 " 1
u,-- 2 , U1 =-0, (19b)

v k0. (19c). I2k -- I v,=

Form = 0, the first term in Eq. (I8a) is omitted, since 6,,,,, - I for m = n, and 6,,,, = 0 for m 9 n. The expressions above are
appropriate for the region inside the toroidal conductor, i.e.. for 7 > 17,, as well as on its surface.
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Up to this point the results are exact. For small aspect ratio a/r,,, e A = (r,, + a - b)/(r,, + a + b) -- a/2r•, < 1. Thus,

to the lowest order in the aspect ratio, Eq. ( 17) becomes

ro =2r~, (In !.2. - 2) (20a)

r., =ro (20b)
"1 m

where m = 1,2,3. and

,= d,,a (21)

2

The time r,, is the L IR time of the toroidal conductor, while ', are the higher order diffusion times.
An approximate expression forA ,' can be obtained from Eq. (10a) by keeping terms up to order e 2", i.e., up to second

order toroidal corrections. Making use of the identity'

(cosh /--cosý') /2- C- ,C, ,q) cosmt, (22)
M-0

where cylindrical coordinates (rz). The magnetic field compo-
nents near the minor axis are determined from Eqs. (2a) and

CO (77) =2 e"(I + e 2 ) (2b) and are equal to2ir

X"(Q_ (osh '7) BZ' 8.nD r_, (26a)

S2e-" Q1  (c~h/11)), (23a) B '1n.BI[- no(l-b)] (26b)
1 -+-e-2"

C(1) v2 e"( I + e - 2") where
21r IT

B., o - ,2 (a, + 3a,), (27a)
__ -___" 4v2

(Q-2 (cosh ,) I + e- is the vertical field component near the minor axis and

X [- -. /2 (cosh) + Q, , .2 (osh 17) ],n 3 a,,+ 4a, - 5a, (27b)

4 al + 3a,
(23b) is the field index. To first order in a/r,,, the magnetic flux o,,

and also of Eq. (18b), a lengthy calculation leads to the through the area irr 2 on the midplane is
approximate expression

A, -- b-" al+ -L (a,, - a, )e -7" -(28r)2 0 2o (28)

- (a,) - 3a, )e " -co Defining 60  by means of the relation
4 0,, =---21rr 2,B,, (I - e0 ), the vertical component of the field

on the minor axis can be written
X(a,,+6a, -- 15a.,)e -2csI24".J (24)

B.,, (I -- F) = -- a(,. (29)
Using Eqs. (7a), (7b) and keeping terms up to order 212
(1 -b b/r)2 and (z/r)2, Eq. (24) reduces to The parameter e, is a measure of the flux condition. When

A [ b a,, - 3 b- e• =0, the betatron flux condition is satisfied.A'"• ,'r b .- (a,,-a)1
"2%2 2 r The quantities ao, a1 , a2 are determined completely by

the magnetic field, the field index and the flux on the minor
+(-L (a,, + 15a) I - axis, and, therefore, are parametric representations of these

"16 physical quantities. But the vector potential that describes
3 the external field in Eq. ( 13) has exactly the same form as

+-L (a,, + 4a,- 5a,:)( I, (25) A'n inEq. (10a).Therefore, ifBo,n, and 0V" are the external
field, external field index, and external flux on the minor

i.e., the approximate A i' has been expressed in terms of the axis, then ao"', ad" and a"2' can be expressed as follows.
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2v2 easily. Under the initial conditions a,,, (0) = 0, the solutions
a= - B (l-), (30a) for r/2are

a ="f- 2V7 Bo0(l + ,) (30b) ao -=- 2- (1 - )Ao (32a)

5,r-- 22o -8+)(30c) a,= -- - )

where e is defined now by the relation VoR' + 2a (1_.')Ao (32b)
=2rrzBo( I - e). I - a

These expressions are used in solving Eqs. ( 16a), (16b). 2V2 r 8a
It is assumed that only B, is time dependent. This is a valid a, = - - [K7 - 8n + e - 4(1 +-•) + 2-
assumption provided that the coils that generate the external
fieldcarrythesamecurrentandarefilaments, i.e.,thereisno X(- )A6 +(4(1 . E)8- (1-E)l,
diffusion process associated with them. 1I- a

All the physical quantities of interest have been comput- 8a (
ed to first order in toroidal corrections. Therefore, it is sufli- + (I -e)AO (320)
cient to compute the parameters a0 , at, a2 to first order in w

a/rt. If all terms of order e - or higher are omitted, Eqs. (33a)
(16a), (16b) become a=-,

I 

and

6o 0 -- - ( a o -- a t• x) . ( 3 1 a ) = I , I; _ -B , .di.- .3 b
1,o A,,, =-e 1" • (33b)

a,. -- (am - at.) Substitution of a,, a1, a, into Eqs. (27a), (27b) leads to

+ (n,_--•'_), (31b)\ 2 -/l-eA
r.,_, 2m+. a[I a

+ 1- (L + I1-- ) ]A, (34a)

where m = 1,2. This system of equations can be integrated +, I

+ a -eA + [n -(I+-a) 1A,
8 a (34b)

+ a ( -- )A1 , + [I - _a (i -)

Another interesting physical quantity is the surface wall current density, which is given by
(•/..;.t)(35)J1,,, = -- ad,. dA ... .T~) 35

dt

To first order in toroidal corrections, Eqs. (25), (31a), (31b), (32a), and (32b) give

-)o-- a l - I a4(36)()

-- + 12a- ( e)(AI - Bo) a Cos (36)

where cos = (r - r0 )/a and r is the radial position of any Bo(t) M b (l - e ""). (38)
point on the wall chamber. The wall current is equal to

I f ir J.adbFrom Eq. (33b). we have:

I = J, oad- + T,,
4 rrT,/',, -_:-_

=-- 2 a(l - )(A, - B0 ). (37) Ar.., - i]

M" (39)
As a first application, consider a rising external magnet-

ic field that reaches a constant value, i.e., For t). r,,, and t>) ,,, the coefficient A, =bo and from Eqs.
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(34a), (34b), B, =b0 and n0 =n. Also the wall current A direct comparison has been made between the theory
goes to zero. All three conclusions are as expected. presented above and the numerical results from the two-

For a sinusoidally varying field dimensional TRIDIF code. The set of parameters used for

Bo (t) = ýo sin wt, (4o) the comparison are listed in Table I. For these parameters,
Eqs. (20a), (20b), (45), give r1o = 11.28 /sec, r-, = 2.95

the coefficients A, are given by Asec, a = 0.26, and r-d = 10.42 /sec. The solid curves in
A -tFigs. 2(a)-2(d) show B,, nD, d0 /(afrrB 1o), and I as a

1 + (-J'm ) 2 [sin wt - WT,. Cos wt + wr, e - I function of time. In the computer run, the inner minor radius
of the toroidal conductor is 15 cm and the outer minor radius(41) is 17 cm. In the region of the chamber, the mesh has a cell

After a long time, i.e., for t> ,r,, the external field and the size Ar = 0.5 cm, &z = 1.0cm, but further out it is much less
field on the minor axis are not in phase, but their phase dif- dense. Thus, in the radial direction there are 157 mesh points
ference remains constant. On the other hand, for small over a distance of 300 cm, while in the vertical direction
times, i.e., for wt- 1 and t4(-,,,, the coefficients A,, there are 71 mesh points over a distance of 200 cm, and the

wbot 2/2r. and the field index becomes time step used is At = 0.5 psec. Advantage is taken of the

16n - (Sa + 6)( 1 - 0) midplane symmetry, i.e., the calculation is confined to the
n(t--0) - 4[2 - 0 +a) (1 -. 0 (42) region z>0. The external field is generated by current flla-

ments (coils) located at the same positions as in the modified

Furthermore, assuming that O)Tm 4 1 and wt.,( 1 but not betatron experiment. All the coils carry the same current
t *"r,, we obtain and have the same sinusoidal dependence. In the absence of

A,, = boo [ t - •-ý, (I - e -/?")], (43) the toroidal chamber the maximum vertical field generated

and by these coils on the minor axis, i.e., at r = 100 cm, z = 0, is
Bo = 1267 Gauss, when the maximum current through the

B = - r, - ,/,, coilsis 40 kA. This is the valueofbo used-in the theory. InthebTo -- '" e absence of the toroidal chamber, these coils generate a field

index of 0.54 on the minor axis and an c = - 0.067, but the
'rd -- -71 , (44) values chosen in the theory are slightly different, so that at

-0 - 1*j times t> 30 Asec the theoretical and numerical n, and

where the delay time r, is equal to 4l0 /(7rr 2 B, ) are identical.
The dashed curves in Figs. 2(a)-2(d) give the predic-

(l - ±(45) tions of the code for B4, nD,1 o/(irr 2.,) and Ias a func-

2 tion of time. The straight line in Fig. 2 (a) is B., when o = 0.
In contrast, the delay time for a cylinder of infinite length is The numerical delay time, obtained from Fig. (2a), is 9.7
equal to the diffusion time. It is apparent from Eq. (45) that usec as compared to the theoretical value of 10.42 usec. The
in the case of the toroidal conducting shell, the delay time small difference is attributed to the fact that ro and r• de-
depends linearly on both the L IR time r-, and the diffusion pend on the volume of the numerical integration. It should
time r, . In addition. for a toroidal shell, B•, has an exponen- be noticed that in the numerical calculation the integration
tially decreasing dependence on both times r,, and -r,, while has been carried inside a cylinder of radius 300 cm and of
the wall current, from Eq. (37), depends only upon r,), i.e.. half-height 200 cm, while in the theoretical work the integra-

4mrr° tion has been carried out over the whole space. To obtain
1= --- rb 0 (l -E)(l -e "'), (46) some insight into this effect, let us look at the diffusion

Ao through a cylindrical conducting shell of infinite length,
i.e., it reaches exponentially its maximum value with the where the region of the numerical integration is limited with-
LIR timer 0,. in a perfect conductor located at a radius r,. The diffusion 0

time is equal to r" [ I - (air, )2], where a is the radius of
the conductor and r, is given by Eq. (21 ). It is apparent that
the diffusion time decreases as the volume of the integration
region decreases, and, therefore, the inductance of the sys-

TABLE I. Parameters for the diffusion theory. tem decreases. As another example consider a toroidal con-
ducting shell, with a region of integration confined within a j 0

Torus major radius. a (cm) 100 perfect conductor located at 71 = 71, and therefore the radial

Chamber wall thickness. d,, (cm) 2 positions r are limited to the values between
Torus wall conductivity. o (mho/cm) 14.666 r, i,. = btanh( 1 I/2) and r, m, = bcoth(71 f/2). All the
Amplitude of sinusoidal theoretical results obtained above remain the same except
external magnetic field. b., (Gauss) 1267 for the L IR time in Eq. (20a) that is replaced by
Period of external magnetic field. T (/.w-c) 10' 2•o[ingro/a-- 2 - (irro/2r ) Again, theL /R time
Field index of external magnetic field. n 0.53 ma, A
Flux condition parameter (but not the times r, -,2 ) decreases as the volume of the
of external magnetic field. e -0.05 integration region decreases and so does i-r. In the example

given above the region for r < r, mm is excluded, while in the
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FIG. 2. Temporal profiles from apalysis (.solid line) and computer colde (dished line). (a) vertical (betatron) field. (h ) field index. (c) flux condition, and
(d) wall current.

numerical results this region is included. For this reason, the vacuum chamber of the device and compares the experimen-
comparison of the numerical results is made with the theo- tal results with the predictions of the theory and that of the

retical results for the whole space rather than a finite region computer code.
of integration. The largest discrepancy between theory and The NRL modified betatron comprises three different
numerical computation is in the field index for small times. external magnetic fields: the betatron field that is a function

This could be due to the large time step (0.5/zsec) that was of time and is responsible for the acceleration of the elec-

used in the numerical integration or to the fact that the field trons, the toroidal magnetic field that varies only slightly

. index is computed from the second derivative of the stream during the acceleration of the electron ring and the strong
* function rA,, and this function is not accurately computed focusing field that also has a very weak time dependence.

initially by the code. The same argument is applicable to the These three fields have been described previously. However,

smaller discrepancy, for short times, in the quantity for completeness we briefly describe in this paper the vertical

01/(irr 0B,). Over all, however, the agreement is fairly field and the vacuum chamber.

good between theory and numerical computation with the The betatron magnetic field controls mainly the major

TRIDIF code. radius of the gyrating electron ring and is produced by a set
of 18 air core (see Fig. 3), circular coils connected in series.

1 ESixteen main coils and four trimmers are used to generate a
IlL EXPERIMENTAL RESULTS field configuration with a flux condition equal to 1.92. Their

This section briefly summarizes the measurements on total inductance is approximately 343 pH. The coils are

the time delay of the vertical magnetic field caused by the powered by an 8.64 mF capacitor bank that can be charged

1819 J. Appl. Phys., Vol. 69, No. 4, 15 February 1991 Dialetis etaO. 1819
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peak current of about 45 kA. The current flowing through
the coils produces a sinusoidally varying field having a
quarter period of 2.6 msec and its amplitude on the minor

axis at peak charging voltage is 2.1 kG. Immediately after has a surface resitivity of 26.6 mT l on a square. The screen
the peak the field is crowbarred with a 4.5 msec decay time. has 250X 250 wires per inch and is made of 4o-/m-diam wireThe temporal profile of the vertical field is shown in Fig. 4. with an equivalent surface resistivity of 12.8 mfl on a square.

The flux condition and field index are adjusted by two The calculated resistance for the entire vacuum chamber is
sets of trimmers that are connected in parallel to the main 57 mil. The measured D.C. resistance of the toroidal vacu-
coils. The current through the trimmers is adjusted with se- um vessel is 68 +- 2 ral. The outside surface of the chamber
ries inductors. Typically 10- 15% of the total current flows is covered with a 6.3-mm-thick, epoxy reinforced fiberglass

through the trimmers. layer. Figure 6 is a photograph of the vacuum chamber.
The 100 cm major radius, 15.2 cm inside minor radius This novel construction technique has several attractive

vacuum chamber has been constructed using epoxy rein- features, including controllable resistivity and thus magnetic
forced carbon fibers. The desired conductivity is obtained by field penetration time, high stiffness and tensile strength,
embedding a phosphor bronze screen in the outer layer of the
graphite as shown in Fig. 5. The graphite is 2.5 mm thick and
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FIG. 4. Vertical (belatron) field vs time. FIG. 6. Photograph of the epoxy reinforced-carbon fiber vacuum chamber.
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tots. The probe was placed on the minor axis with its axis of
symmetry on the vertical plane that passes through the sym-
metry plane of the gap. The intermediate trace in Fig. 7
shows the output of the probe for this measurement.

It is expected that at the symmetry plane of the gap the
magnetic field to be identical to the vacuum field. However.
due to various constraints, the diameter of the probe and the
gap width are approximately equal and thus the measured
field is lower than the vacuum field.

IV. CONCLUSION

The diffusion qf the magnetic field through a toroidal
conducting shell has been studied under the assumption of a
small aspect ratio. The external magnetic field can have an

FIG. 7. Measured vertical magnetic field v% lime on the minoraxis (r = 100 arbitrary field index and magnetic flux on the minor axis of
cm. z = 0) of the torus. Bottom trace: Inside the complete vacuum the torus. The diffused field, field index, magnetic flux, and
chamber. Intermediate trace: Inside the chamber with a gap. Top trace: wall current were computed analytically and compared with
After the removal of the chamber (vacuum field). the numerical results from the TRIDIF code. Three time

constants determine the evolution in time of the diffusion
process, namely, the L IR time 7-,,, the diffusion time 7, and

high radiation resistance (up to 500 Mrad) and low outgass- r, = -, /2. The delay time depends linearly on i-,,, r, and
ing rate (- 10 - "Torr/sec-cm2 ). also on the flux condition of the external field. The analytic

The vertical magnetic field is monitored with a small delay time was larger than that computed from the TRIDIF
magnetic probe that is located on the minor axis. The probe code. The difference is attributed to the finite volume of the
has been wound of gauge 35 copper wire, has approximately region of integration in the numerical computation which
600 turns. its measured inductance being 6.2 mH and its causes the inductance of the system to be smaller. In general.

measured internal resistance being 43 fl. The output of the the agreement between the theoretical and numerical results
probe is fed to a passive integrator with a time constant of is quite good.

20.5 msec. A measurement of the delay time in the toroidal

To improve the time response of the probe the 50 Cl chamber of the NRL modified betatron gave a delay time
terminator at the input of the integrator has been omitted. approximately equal to 34/psec, i.e., less than 10% smaller
Oscillations in the output signal have been avoided by locat- from the theoretical value of 37 /sec.
ing the oscilloscope approximately 2 m away from the probe, In conclusion, we have seen that the diffusion process in
inside an aluminum housing cladded with mu metal. the toroidal conducting shell is much more complicated than

Results from the measurements are shown in Fig. 7. The that in a conducting cylinder. Therefore, the results for a
lower trace is the output of the probe when it is located inside cylinder cannot be generalized to apply to a toroidal device.
the vacuum chamber and the upper trace is the output of the The case of the torus should be investigated on its own merit.
probe after the chamber is removed (vacuum field). It is
apparent from the oscillogram that after approximately 60 ACKNOWLEDGMENTS
/.sec the two signals are parallel and the lower is delayed This work was supported by ONR and SPAWAR.
from the upper by 34/usec.
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The expeuime. tal results on the trapping of the beam in the Naval Research Laboratory modifed be-
tatron accelerator are in good agreement with a revised model of remuve tappn, and thus it may be
concluded that the wall resstivity is responsible for the inward spiral motion of the beam after injection.

INTRODUCTION where k--,2,3.... The "plane" diffusion times are
important when the beam is near the walL The

Currently, several laboratories [1-5] are engaged in "cylinder" diffusion times are
studies to assess the feasibility of compact, high-current
accelerators. Among the various accelerating schemes r 1"/m 1g /m-i 1oa(b--a)/2pm,
presently under investigation is the modified betatron ac- where m-=1,2,3 ..... Both -r. and -r determine the
celerator (MBA) [6-81. This device is under study at the speed with which the self-magnetic-field of the beam
University of California, Irvine (2] and also at the Naval penetrates the wall of the chamber and are instrumental
Research Laboratory (NRL). Since the initial successful in the resistive trapping of the beam. Finally, the "loop"
demonstration of acceleration [1] approximately two diffusion time 1"00-,-1=2,r,(In(8r 0/a)-2J, where ro is
years ago, the NRL-MBA has achieved [11] trapped the major radius of the torus, determines the speed with
currents as high as 1.5 kA and energies approximately 18 which the beam field diffuses into the hole of the
MeV. The beam lifetime that is typically 700-900 pmse is doughnut. The "loop" diffusion time does not play any
limited by the cyclotron resonance. role in the resistive trapping of the beam.

Following the installation of strong focusing windings The resistive trapping is due to the negative radial
[9,10] in the NRL device it is routinely observed [1,11] component of the image magnetic field of the beam that
that for several combinations of injection parameters the acts on its centroid, when such a beam moves poloidally
beam consistently spirals from the injection position to inside a resistive chamber. This field component crossed
the magnetic minor axis and is trapped. The explanation with the axial (toroidal) velocity of the beam produces a
of this interesting phenomenon has been so far elusive. poloidal force, which is in the opposite direction to the
However, a fair understanding of the trapping mecha- poloidal motion of the beam. In the absence of the strong
nism is not only of academic interest but a necessity for focusing and when the self-fields dominate the external
any upgrading of the existing or the construction of a fields (high-current regime), the poloidal force in conjunc-
new device. tion with the axial (toroidal) magnetic field drives the

In this paper we report recent experimental results on beam to the wall (drag instability [13]). However, in the
the trapping of the beam in the NRL-MBA. The results presence of strong focusing the direction of the poloidal
are in agreement with a revised model of resistive trap- motion can be reversed and the beam spirals to the minor
ping [121. Two modifications have been introduced to the axis (12].
original model. First, the beam motion is not limited
near the minor axis and therefore nonlinear effects and
the fast diffusion times that scale as frjb -a )2/ir 2p, BRIEF DESCREPTION OF THE EXPERIMENT
where b -a is the thickness of the chamber and p is the
wall resistivity, become important. Second, in order to The NRL modified betatron has been described [1,14]
take into account the intermediate motion (10] of the previously. In this paper we give, for completeness, a

beam that has been omitted in the calculation of the im- short description of its basic components. The NRL-

age fields of the beam, the wall surface resistivity is com- MBA is a toroidal device that comprises three different
puted using the skin depth that corresponds to the fre- external magnetic fields; the betatron field B. that can

quency of the intermediate mode and not the actual vary from 0-2.7 kG, the toroidal field B9 that can vary

thickness of the chamber. between 0-5.1 kG, and the strong focusing field that has
There are three distinct groups of diffusion times with a maximum gradient between 0-31 G/cm, when the

which the self-magnetic-field of the beam leaks out of a current ISF in the windings varies from 0-30 kA.
resistive torus. The shortest are the "plane" characteris- The 100-cm major radius, 15.2-cm-inside minor radius
tic times vacuum chamber has been constructed using epoxy-

reinforced carbon fibers. The desired conductivity is ob-
tamined by embedding in the outer layer of graphite a

'rmk -1&(b--a Pl•pk 2  = 2- phosphor bronze screen. The measured dc resistance of
T2 k 2 the toroidal vessel is 68:±2 mil and the corresponding

Work of the U. S. Government
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surface resistivity is 10.3 mol on a square. The graphite strikes the diode and the lead target are shown in the
surface resistivity is 26.6 mil on a square. upper trace of Fig. 1(c). The trapping time r-r for this

The electrons are emitted from one end-face of a cyiin- shot is 1.25 /sec. The lower trace of Fig. 1(c) shows the
drical carbon cathode. The other end-face is mounded on output of the Rogowski coil that monitors the beam
the cathode stalk. The emitting surface of the cathode current. The peak of the signal corresponds to 1.2 kA.
faces the circular opening of the conical anode, which is The results shown in Fig. I were taken with a 0.5-cm
located on the midplane of the device, 8.7 cm from its hole in the anode. This hole is by a factor of 3 smaller
minor axis. than that used regularly in the NRL device. Thus, the

trapped current has been reduced by a factor of 2-3.

EXPERIMENTAL RESULTS This reduction in the beam current was necessary in or-
der to achieve satisfactory resolution in the open-shatter

Over a wide range of parameters and after fine tuning photographs.
the external fields the beam spirals from the injector near To determine the effect of the foil on the transverse
the minor axis and is trapped. The beam trapping time, beam orbit, we carried out a series of experiments in
i.e., the time it takes the beam to travel from the injection which the 3-/pm-thick foil was replaced with a foil of the
position to the vicinity of the minor axis is determined by same composition but with only half its thickness. The
measuring the time delay between the x-ray peaks that results show that the equilibrium position of the beam is
are generated at injection and at a I X 1.1-cm, 0.8-mm- slightly larger in the case of 1.5-pm-thick foil. It requires
thick lead target that is located on the magnetic minor approximately 1-2 G higher vertical field (-4-8%) to
axis. The lead target is mounted on the front surface of a shift the equilibrium to its original position and make the
3-/Mm-thick polycarbonate foil that is stretched across the orbits identical
minor cross section of the vacuum chamber as shown in As the electrons pass through the plastic foil, they
Fig. I(a). The x rays are monitored by a collimated x-ray suffer both inelastic and elastic scattering. The stopping
detector that is located 4 m away from the lead target. power [15] of 0.6 MeV electrons passing through po-
The scintillator-photomultiplier tube is housed inside a lyethylene (data for polycarbonate are not available) is
lead box and the x rays enter the scintillator through a 3- - 2 (MeV cm 2 )/gm. Thus, the energy loss per pass is 0.6
mm-diam hole. The foil is graphite coated on the keV. The total energy loss in 1.2 psec, i.e., in sixty revo-
upstream side to avoid charging. Figure 1(b) shows an lutions around the major axis, is 36 keV or -6%. The
open-shutter photograph of the light emitted as the beam energy loss in the thLiner foil is only 18 keV and there-
passes through the foil. The x rays emitted as the beam fore the equilibrium position is expected to increase by

Vacuum Chamber 1

Injection Position

Foil (3 /rm)

Lead Target (1 x 1.1 cm)

Shot No. 7366

P= 1.3x10-5 torr
(b)

Beam Orbit

Lead Target

X rays (Collimated Detector)

(c) Beam Current (Rog. Coil) S

FIG. 1. Beam trapping time.
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3% when the thickness of the foil is reduced to half. This

shift is not substantially different from that observed in
* * •*• the experiment. The elastic-scattering induced RPAS an-

(ja) gle is 0.9' for the first pass through the 1.5jum-thick foil.
Although substantial, the elastic scattering does not con-
tribute to the shift of the equilibrium position.

0') The beam orbits are very reproducible and 1r, shows

7M4 rU T3 I 7M 7, ,-n only modest variations for the same operating parame-
Sbat Nu•wb ters. Figure 2(a) shows rr' for seven shots taken with the

same values of the fields. It is apparent from this figure
that r, varies by ±7%. In a second run with five shots

the variation was even smaller. Figure 2(b) shows -rtr, vs
Be for constant Isw/Be, where IsF is the current of the

2 strong-focusing windings. For all practical purposes i-r
remains constant in the narrow range tested.

IBe + CO&i In addition to -r, the bounce period rB, ie., the time
BT.- . , +Code ''-

.t I the beam takes to perform a complete revolution in the
(ASK) ___ .A poloidal direction, is of special interest. To determine rt,

the foil target was rmoved and replaced with a 1.1-cm-

(b) wide, 1-mm-thick, 16-cm-long lead strip. The lead target

3. 4. . ... 0 is backed on the upstream side by a thin plastic strip and
3. 4.0 4.5 (.0 is mounted on a half lucite ring that is carbon coated.

R, (kG) The symmetry axis of the target lies on the midplane of

the device as shown in Fig. 3(a).

FIG. 2. (a) Trapping time reproducibility and (b) dependence The light emitted from the upstream side of the target

of r,' and r, on B, for constant s6 /Be,. when the beam strikes it is monitored with an open

0• Vacuum Chamber

Injection Position (e 0")

(a) • Lead Strip (e = 240)

Carbon Support Semiring

Beam Orbit (schematic)

Shot No. 7349
(b)

L Ught from Target

X rays (Collimated Detector)

(c) Beam Current (Rog. Coil)

-j---t- T,- 840 ns

FIG. 3. Beam bounce period.

0
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shutter camera. Results are shown in Fig. 3(b). The x- carbon fiber belt. The purpose of the second insulator
ray signal and the output of the Rogowski coil that moni- was oniy to minimize the distortion of the toroidal
tors the beam current are shown in Fig. 3(c). The bounce chamber and thus shorting wide straps, instead of resis-
period is inferred from the time delay of the two x-ray tors, were installed on its outer surface.
peaks, as indicated in Fig. 3(c), and in this shot is 840 There are two distinct currents flowing on the wall of
nsec. The damage pattern on the lead strip has a diameter the vacuum chamber. The first iw, is due to the rising
that is equal to the diameter of the anode hole. This im- vertical field and the second I, is induced by the beam.
plies that the diameter of the beam has not changed after Since the vertical field during the first quarter period
about 40 revolutions around the major axis. In addition, varies as B,(t)=B,,sin(2irt/.r), where B,, is the peak
we observe that the damage pattern is a semicircle that is field and r is the period, the induced voltage in the
always located near the lower edge of the strip. From chamber is V=--V0cos(2irt/-"), where Vo=(4rA'o/
this observation it may be concluded that the beam drifts r)B,,, and r0 is the major radius of the torus. The
3 mm over 20 usec, i.e., its bounce speed near the strip is current flowing on the wall of the chamber is described
- 15 cm/sec. by the equation V=L(di./dt)+Ri., where L is the in-

To verify that there is no correlation between rtr and ductance and R the resistance of the torus. The instan-
r', i.e., with the speed the beam magnetic field diffuses taneous value of i, can be found by integrating the above
into the hole of the doughnut, the vacuum chamber was equaton and is given by
unbolted in two joints that are located 180' apart in the
toroidal direction and a ring insulator was inserted in I = -t°

each of these joints. Sixty carbon resistors, 51 0i each,
were symmetrically mounted on the outer surface of one A 1+ 2 IrL/R

of the two rings as shown in Fig. 4(a). To improve its I"
voltage holding capabilities the inner surface of the blue ______

nylon insulator was angled and a 0.6-cm-deep groove was X -cosl2trt/r)+ sin(2v/,r) ,

machined at its plane of symmetry. In addition, its inner
surface was protected from stray electrons by a 0.8-mm-
thick lead strap that is supported by an epoxy reinforced (1)

Resistors Shielding

Ir2 I r(a) ý0 -' --. 0

Iri Ir Beam
1. 7 cm

Blue Nylon

SShot No. 7447

(b) Current (0.2 kA/Div)

Gap Voltage (0.5 kV/Div)

FIG. 4. (a) Schematic of the vacuum chamber joint with the insulator in place. (b) Current and gap voltage waveforms-
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with the initial condion i,(t -0) 0.
The temporal profile of /. predicted by the above urm- A40= C

pie model is identical to that predicted from -e exact
sol-tion of the diffusion problem for a toroidal resistive + ~ ~~IU 4n(i cs
shell (16] and also is in good agreement with the results I Ank [U I )(t)€osm#

of the TRIDIF code for a finite thickness toroidal vessel. M- k0 a

According to Eq. (1), i, has a maximum at time t., which +UI!1(t winmO], (3)
for a a2r(L /At) /,r << I is determined fromfor au~lI is determinedwhere 00 is the normalized toroidal beam velocity.

L).r--Thepek valueofthe The tnt coefficients (),U t)are

current is iw= VIR. The measured peak value of the o at t =0 and are determined by the d equa-

* current in the experiment is in good agreement with the t ten

above theoretical prediction and scales, as expected, with
the value of the resistance at the gap. ___ ______'_

The return current of the beam is measured with a fant ia - 2V '*.. aJ a,
Rogowski coil (True-20 usec) that is located outside the 2 IA1(
vacuum chamber. With the resistors at the gap shorted, +___
the Rogowski coil shows a slowly rsng current that is n +- 2 ' I lm ,
consistent with the decay of I,. However, when the 2t-k a

shorting clips are removed the Rogowski coil shows a where
current pulse that rises to - 2 of its peak value in less
than 100 nsec as shown in Fig. 4(b). The lower trace in I-L M 0,l,2#. 01 .
fig. 4(b) shows the voltage across the resistors V. as mea- T",, iof
sured directly by a Tektronix 7844 oscilloscope after a a is the wail conductivity of the toroidal chamber, and
100X attenuation. The shape of the time-integrated V. is ak ar the zeros of the function
very similar to the current waveform resistered by the
Rogowski coil, i.e., V, is proportional to the time deriva- fo(a)=I )_yT(XO)Jo(X )
tive of the current. 2

COMPARISON WITH THEORY - 2 Ix~h[Jt(xo)Y(xI)

The equations that describe the motion of the beam -Y 1 (xo)1 1(x,)] (5)

centroid have been solved numerically using analytical when m =0, and
expressions for B, and Be. The stellarator fields are
determined numerically from Biot-Savart law by dividing f.(a)0- xoxl [JV. + (Xo)Ym -I(x)
each period of the windings into 20 segments. The image

fields on the beam centroid have been computed analyti- -Y,,+,(x0W,.-I(xI)] (6)
cally for a uniform density electron ring that is located
inside a large major radius torus with resistive wall of when m =!,2,3,.... The arguments of Bessel func-
thickness b-a, where a is the inner and b the outer radii of tiofs in (5) and (6) are x 0 =aa, x Iab andRb is the ma-

the torus. In contrast with previous calculation [12], the Jot radius of the beam. For each m there is an infinite
beam is not limited near the minor axi. number of zeros denoted by the index k -0,1,2. The

* 0 In the local cylindrical coordinate system 0o,#,z) with time-dependent coefficients A O, A ,t that appear in the
its origin on the geometric minor axis, the electrostatic vector potential are equal to

potential inside the ring is given by (17] 2g. (a-k )Ank
Qt ,ina + 1 1 p 2 +A 2 -2Apcos(--a) amlkfr(ak)

* 0 2-re0  rb 2 2 2r4 where fý,(a) is the derivative of f. (a) and

+.Jn1i+ ~e 2~2~cs6 i go(a) [~J0 (x 0 )Y0 (x, I Y0(x0)J0(x IJ+-•ln 1+ -2 Acos(&--a ) ,
1rIl 8Rb -2I ] (0 ,(

(2) -¥

- Yo(xo0)J(xi )]

where A and a define the beam position on the transverse when m -0, and
plane, rb is the minor rad~a of the beam, and Q, is the
charge per unit length. btmilarly, the magnetic vector 9.(a)=_!x,[J.(xo)y._•(xI)__y.(xo._I(xl)]
potential inside the beam is (17]
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when m - 1.2,3,..... The image fields at the beam cen- TABLE L Parmasser of the nm shown i F!L 5.
troid, i.e., when p-A and #-a, are obtained from the Toros major radius ro 100 cm
expressions of 00 and A @ive above. Torus min radius a 15.2 cm

The radial components B41) at the beam centroid is of 1.5

special interest becaue it is respoible for the inward ra- SF radius pa 23.4 cm
dial motion of the beam. This component is given by SF current ls 24 kA

Vertail feld at injeconB, 260

M A Toroidal field Boo 4 kG
B () =-" -I m mBns r radius r 3ram

a-o ee- current 41j 1.2 kA

X[-U.(k( ) m a(Vt ) Wall remsivity 8 malcm
Inate diae requeu, ow 1.8X 10' se-c'

-I-U•/4 t)sinma(t )]. (7)

Since kc) is independent of A o and 04), ie., it is in- To ain further insight, we have computed the image
dependent of loop time rim,- the beam trapping time fields, includin first-order toroidal correction, at the
should also be independent of r', as observed in the exper- beam centroid for a beam inside a resistive toroidal
iment. shell-in this case B,€e:

sinai Qu6, f a 1 + 
1.~i!1 12

1  
r_ _ 

I-ttt 
,

PRb 4reoc rb 4teoc l6urec a' A11

a oJ

where the time-dependent parameters U(°°)(t), U<°1)(t), __..___ ___ [12
~(o) (U (1(t), U ."j(0) ~ , V'.?()M, and V' ."M are =Que a _

zero at t--0 and are determined by the differential equa- T, lb6a0crcR l

tions -
JC U) = 2QxI- sin(m -lDa ,

0 7- 11 1  + b'" w here

0(1)U.1 1 I4) 8Rb
0 -T.0 2,0 r "o=2, In -- 2--.

0o.m .o- 20Q,Ps m no Ia, and
-m- 1. = -cm - - -a

6F,(0) +.M Uso): 20•O Mt A x,=Acosa=-R--ro•

S-M - 4m -- r, I It is apparent from Eqs. (8) and (9) that te toroidal

(9) correction term of Blc is a function of It. However, this
&(,) + U.m .)=_ U.•e <O) term is multiplied by sina(t) and therefore average to

-2R -c ' zero in a poloidal period.
In the limit (b -a) <<a, the toroidal electric fid E0

(1) +M • I)- X= U-) on the outer surface of the chamber for a stationary beam
M-- Tc - an a relatively simple, closed form. At t 0, E#0 and

_2 
2  peaks within a few fast difbsion times T". For a longer

a ,M time, Ep decays to zero withr r. This formoftheelectric
"c cm l 6wvoc 0 "ctaJ field is consistent with the observed return current after

M-1 the beam injection. When the resistors at the gap are
X cos(m --Da, shorted the curnt measured with the external Rogowski

coil should rise at the same rate the beam return current
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14 as.. computed using the skin depth that corresponds to the
intermediate frequency and not the actual thickness of
the wall

E The solid circles in Fig. 5(b) show the positions the
So lation of the experimental situation. The time difrence

N ,between two circles is equal to the period around the ma-

jor axis, i.e., -23 nsec. The parameters of this run are
-,4 (b) similar to those in Fig. 5(c) and the similarity of the two

(000 1oO 114 orbits is quite apparent. When the crossing plane is
moved from 0=240" to a different azimuthal position 0,

r (cm) r (crm) the beam orbit rotates around the minor axis. The rota-

tion predicted by the theory is very similar to that ob-
served in the experiment.

There is some ambiguity, both in the experiment and
theory, in the determination of the beam trapping time,

Expeiwamt because its exact value depends on the position and size
(0) See No. 7378 of the target. However, this is not the can with rp,

which can be measured very accurately. We made four
computer runs for different values of B# keeping
I1F/BO=constant. Figure 2(b) shows -rg vs B, for three
of these runs. For all practical purposes rA remains con-

FIG. 5. Beam centroid orbit from the numerical integration stant as B# varies. In the fourth run B@ was reduced to 2

of the equations of motion, using the image fields from the r kG and although the beam orbit changed substantially ?-J

tive shell model [(a) and (b)]. Results from the experiment (c). was lower only by 7%.
As a rule, the theory predicts a r-& and -rt that are ap-

decays. However, when the resistors at the gap are not proximately a factor of 2 shorter than those observed in

shorted, a portion (I,,) of the return current (U,) flows on the experiment. With the exception of these two times

the outer wall of the chamber as shown in Fig. 4. 1,1 rises the revised model of resistive trapping is in ageement

considerably faster because the beam magnetic field can with the experiment observations, although in the

leak locally out of the resistive gap considerably faster analysis the beam current remains constant while in the

than it can leak out of a uniform chamber. experiment the current decays. This decay is observed

Results from the numerical integration of orit e - whenever there is a target inside the chamber but in gen-

tions are shown in Fig. 5. The various parameters for the eral is absent during the acceleration experiments when

run are listed in Table I. Figure 5(a) shows the projection the various targets are removed.

of the centroid's orbit on the 0=0 plans. Both the inter-
mediate and slow (bounce) modes are apparent. Since
there are six field periods between 0:5 0:< 21r, the elec- ACKNOWLEDGMENTS
trons perform six oscillations during one revolution
around the major axis. To take into account the inter-
mediate motion that has been neglected in the calculatoin This work is supported by the Office of Naval Research
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DMUSION OF THE SELF MAGNETIC FIELDS OF AN ELECTRON BEAM
THROUGH A RESISTIVE TOROIDAL CHAMBER

I. Introduction

Extensive york has been done in the past on the diffusion of external

aWgnetic fields into hollov circular cylindrical conductors of infinite

length 1- 5 and also on the diffusion of the self magnetic field of beaus out

of hollov cylinders.6-9 The bean self magnetic field diffusion studies

have also considered the effect of the diffusing fields on the beam

dynamics and have furnished interesting results on the beau stability6-8

and beau trapping. 9 Hovever, these studies are linear and the expressions

for the fields are valid only near the axis of the cylinder.

Folloving the installation of strong focusing vindings in the NRL

uodified betatron accelerator it is routinely observed that for several

combinations of injection parameters the injected beau consistently spirals

from the injection position to the magnetic minor axis and is trapped. 10 ' 1 1

Attempts to explain this interesting phenomenon using the existing linear

resistive model have been unsuccessful. 1 1 The decay rate predicted by the

linear theory9 for the parameters of the experiment is at least 10-20 times

longer than that observed in the experiment, even vhen vake field effects

are taken into account. 1 2

In contrast to the analysis 9 ' 1 2 that assumes the bean to be

near the minor axis, the beau in the experiment during injection is at

least temporarily near the vall. In addition, the geometry of the NRL

device is toroidal 10 and not cylindrical and, therefore, there are

additional characteristic times5 that may modify the diffusion process.

The present york extends the results of the linear theory. The

expressions for the diffusing fields are valid not only near the axis but

almost over the entire cross-section of the chamber and toroidal effects

mmmip apropvd ApH 24. IM.
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are-included to lowest order. The results have been obtained under the

following assumptions. First, it is assumed that the toroidal vacuum

chamber has a small aspect ratio, i.e., the results are valid provided that

the ratio of the minor to the major radius is much less than unity and the

radial distances of the observation point from the minor axis is

considerably smaller than the major radius of the torus. Second, since the

results are confined in the vicinity of the toroidal chamber, propagation

effects do not play any role, i.e., the displacement current is omitted in

Maxwell's equations. Third, in order to obtain tracktable analytical

results, it is assumed that the conducting wall is thin, i.e., its

thickness is much smaller than the minor radius of the torus. In this

case, the analytical results are not valid very near the conducting wall. S

In the limit when the ratio of the vall thickness to the minor radius of

the torus tends to zero, i.e., for a toroidal conducting shell, the

analytical results are exact everywhere inside of the toroidal vessel.

Finally, the analytical results on the beam dynamics are further simplified

under the assumption that the current ring moves slowly in comparison to

the fastest of the characteristic times that dictate the diffusion process.

Under the assumptions mentioned above, it is found that there are

three characteristic times vith which the magnetic field leaks out of a

resistive torus, when a current ring turns on at t - 0 inside the torus.

The shortest is the "plane" or "fast" diffusion time iFD = Uo°(b-a) 2 /n 2 
, S

where a is the wall conductivity, a and b are the inner and outer minor

radii of the conducting wall and u. is the permeability of the vacuum. The

terms associated with -TD are responsible for the electric field to be zero

at t-0 outside the torus since no leakage has occurred as yet. The

"cylinder" diffusion time tD - uoa(b-a)a/2 together with %F) determines the

speed with which the fields penetrate the wall chamber so that the images

2



of these fields gradually disappear. Finally, the "loop" diffusion time

* 0o = 2vD [tn (8tr/a) - 21, vhere r 0 is the major radius of the torus,

determines the speed vith vhich the fields diffuse into the hole of the

doughnut and is responsible for the gradual disappearance of the vail

current. It turns out that the radial component of the self magnetic

field, vhich is responsible for the beam trapping in the HIA, is

independent of too, and, therefore, the "loop" diffusion time does not play

any role in the resistive trapping of the bean. The expressions of the

-fields predicted by the present york have been used to compute the bean

centroid orbit and several other trapping parameters measured in recent

detailed bean trapping studies 13 in the NRL modified betatron accelerator.

The shape of the computed orbits is very similar to those observed in the

experiment.

In Section II, the diffusion problem for a current ring inside a

toroidal conductor is formulated. In Section III, the vector potential for

a current ring in the absence of the conductor is derived. This is the

particular solution of the problem. In Section IV, the homogeneous

solution inside and outside the torus (but not inside the conductor) is

derived in toroidal geometry. The toroidal geometry removes the ambiguity

on the value of certain constants associated vith the logarithmic

dependence of the solutions. In Section V, the initial conditions are

established that determine the time-dependent arbitrary parameters in the

homogeneous solutions. In Section VI, the solution inside the conductor is

derived and the boundary conditions are applied. The vector potential is

computed in the three regions inside and outside the torus and inside the

conductor. In Section VII, approximate results are obtained under the

assumption of a thin conducting vail. Section VIII contains exact analytic

results for the shell model and Section IX provides a summary of the main

results and lists the most important conclusions of the present study.

3
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II.-Formulation of the Diffusion Problem

The configuration snd system of coordinates is shovn in Fig. 1. The

toroidal chamber has a major radius ro, an inner and outer minor radius a

and b, respectively, and conductivity a. In the presence Of an external

driver, namely, a current ring vhich is axisymmetric, time-dependent and is

located inside the torus, the magnetic vector potential in that region is

determined by the equation

Sx f x A-n. _ U0 (1)

vhere the vector potential I has only one nonzero component Ain that

depends only on the cylindrical components (r,z) and on time. The current

density I of the current ring has only one nonzero component J vhich is 0

equal to J M Ic/Ur2 inside the ring and zero outside it. Here, Ic is the

ring current and rc is its minor radius.

The magnetic field inside the conductor is determined from the vector

potential Icon that is described by the diffusion equation

f xcon
Vo a at (2)

00where, again, •ohaonyone component A0  , which depends on (r,z) and

on time. Finally, the vector potential outside the torus is determined by

the homogeneous equation

0 x 0 x lout- 0 (3)

vhere the component Out of lout depends on (r,z) and on time. The

magnetic and electric field components, in each region, are given by

4



*i

r - (4a)

1 3rA (s= .0 - ,.. (4b)

Se" - t"(4c)

where A. in one of the components defined above, depending on the region Of

interest. Notice that Eq. (2) is identical to Ampere's lay combined vith

Ohm's lay inside the conductor.

It is convenient to express the vector potential and the fields in

terms of the local cylindrical coordinates (p,#) vhich are related to the

global cylindrical coordinates (r,z) by:

r a r0 + pcos0 , (5a)

z - puin*. (5b)

Then, in the region inside the conductor, Eq. (2) reduces to

cA'on con
con .2Acon con

1 a me 1 A-- Cos# 30 0 34
P PVap PD r 0 +*PCOS

Acon U con
2 o --. F-, (6)

(r 0 + pCOs*)2

after taking account of the fact that Ac9 n is independent of the toroidal

angle e. Also, in the local coordinate system Eqs. (4a), (4b) are replaced

by

1 3A 9 sin#
B . + F ro+ Pcos# AeP (7a)

5



ST + ro+Pcos# A, (7b)*

vhile Sq. (4c) remains the same.

At the surface of the toroidal conductor, i.e., at p = a and p b,

the tangential components of the electric and magnetic fields are

continuous. Therefore, in the local coordinate system, the boundary

conditions are:

E -n ( a -, #,t) - Zn (p - a, *,t), (Ba)

Eout (p b, 9,t) - con (p b, 4,t), (8b)

Bin (p - a, 4,t) .- _+ (p- a, c,t), (a8)
Bout (con (p b, 4,t). (8d)

B, (p - b, *,t) - _+ -b ,t.(d

Since the vector potential is zero at t 0 0, the first tvo boundary

conditions can also be expressed as

A in (p - a, 4,t) A Aon (p = a, #,t), (9a)

out == con

A0  (p - b, #,t) -A A (p = b, 4,t). (9b)

Thus, the diffusion fields in the three regions inside and outside the

torus and inside the conductor are determined by the solutions of Eqs. (1),

(3) and (6) vith the boundary conditions given by Eqs. (9a), (9b), (8c) and

(8d) on the inner and outer surface of the toroidal conductor.

6



III,.Vector Potential of a Current Ring

In this section, an approximate expression for the vector potential of

a current ring external driver is obtained. This is the particular

solution of Sq. (1). For that purpose, the toroidal coordinate system

associated vith the current ring is used. Toroidal coordinates are most

appropriate for a toroidal conductor and their significance vill become

evident in the next section vhen the arbitrariness as to the value of

certain constants in the solution is removed.

The global cylindrical coordinates (rz) are related to the ring

toroidal coordinates (1V,Ft') by:

r =bc sinhi'(1s
coshil' - cos ''0

z =bc stnEI(1bc ioshrl' - ..os..' (lOb)

vhere bc is a constant. These relations can be easily inverted, namely:

(r b bd2 Z2
e-21'~ = rbc (a

(r +bc) +d 2z

e Cos E,' -a 2 - + -1 e~l (11b)

According to Eq. (11a), vhen "' is fixed, the coordinates (r,z) describe a

:.rcle vhose radius is bc/sinhn'. If for n1' - "'c this circle coincides

WIth the current ring surface vhose major radius is Rc, then It is

0 straightforvard to shov that bc = [R2 - r211/ 2 . The points (i',E') outside

c

7



the ring are determined by the inequality r1 < ryc, vhile the points inside

the ring are determined by v' > Y1,c. 0

In the absence of the toroidal conductor, the solution of Sq. (1) for

a current ring vith constant current density Jo =" /rc 2 Is equal to
ext IloIc [,cos6o' - 3"

"A Ic-casv l - 0" 1 d'x", (12)

vhere X' and x' are the observation point and a point inside the ring,

respectively,, and the integration is over the volume V of the ring. The

Green's function of Ix' - x" I-', in toroidal geometry is equal to 14
1 1 12,/

1-j" (cosh i, - con V') /2(cosh IV - cos E")1/2

o Fr(w-n+)

3. .,.rr(.,.n)

BnmO

P (cash IV') n: - (cash if"); n" > n,
1/2 (cosh ni") en (cash n'); } (13)

3-1/2 •- 1/2

vhere Ca - 1, %* - 2 vhen a - 1, 2, 3, ... , r(x) is the gamma function, and

p _ 1/2 (cosh "), 1/2 (cosh 11) are the associated Legendre functions

of the first and second kind, respectively. Without giving the details of

the calculation, substitution of Eq. (13) into Eq. (12) leads to

the folloving expression of the vector potential of the current ring:

Aext 1 ~~ /2 ext 1
A0 M bc(cosh "' - cos ,.a. en On _ 1/2 (cosh 1'1) cos a E.'

Sao

8



.*°. b~(cosh fl - cos V1/2 • 3 *cnet 1/2 (Cosh V"') cos a I.',

(14a)

inside the current ring, i.e., vhen 11' > I'I' and

At b (cosh Vi - cos E,)1/2 Cbextl 1 (c IV) cos m"C ano a - 1/2(oh ) o• ,

(14b)

outside the current ring, i.e., vhen n' < nWV, vhere

S- 43& 0Ic2b 1 [ - 1/2 2 (c2sh

(15.)

am - 3.2r2 J - 1/2 (cash ")0;- 1/2 (cosh 40)

(15b)ext 44 UI Cb 01 2i")0

3 a r -2 1/2 (cosh n)_1/2 (cosh W)i "

(15c)

and 11 Ln [(R. + reo + bc)/(Rc + rc - bc)]. In the derivation of Eqs.

(14a), (14b) from Sq. (12), use vas made of the identity 14

c aoss E dt; = 4 2 O _1 (cosh n"). (16)

(Cosh T" - cost")5 / 2  3 s-nh2-r- Q2 1 (1
0

9



The toroidal functions ~:-1/2(os 2 md
a - /2 Cosh 'I a - 1/2 (coah )

appearing In Eqs. (13), (14a), (14b), (15a), (15b) and (15c) are given by

the folloving exact expressions: 15

1" (cosh 11) 2- ~ ) (in 1
-1/2 mK ~

U-1 1n+ (
01 m~ P s-. s -2slT

(-1 n2 n~ (&+ni)

(17a)

(-1) ~,12 i/rcm+n4)
Vs- 1/2 (cosh i)- r(..+1)(ih )0

1 1

Les C 3 e- ,s (17b)
8-0

vhere

(a), a(a+1)(a+e2) ... (a+s-1), W - 1, (18a)

n E 0

ka1

100



V. 2 k'- r, v. - 0. (Ise)

For u-O, the first term in 2q. (17a) is omitted, since & *, 1 for a - n,

Snd 8m - 0 for m o a. The expressions above are appropriate for the

region inside as ven as outside the torus but on its vicinity.

Up to this point, the results given above are exact. In the

folloving, an approximate expression of Aezt vill be obtained from Zqs.

(14a) and (14b) under the assumption of a small aspect ratio rc/R€ of the

current ring by keeping terms up to order e-. Notice that, vhen rc/R€

<< 1, then to first order in the aspect ratio, or to first order in the

toroidal corrections, we have the approximate relations: ba Re, V

a rc/ 2Rc and e-110 a PP/2Rc. Bere, (P', V') are the local cylindrical

coordinates vith respect to the ring position, i.e.,

r a Re + p' cos #', (19a)

z = p' sin #1. (19b)

Making use of the identity

(cosh I1' - cos E,)1/2 % e i~ )) cosm E•', (20)

vhere

Do(11)') e~ I(1+e-:2r1) (cosh I') 2 (cosh n,)

D0(ti' - [o1/2 Ue:!i1i; Q1/2(oh1']

(21a)

11



) - ,[Q1 2(coh

- 2111-~ (%-2/12 (cosh +l' 08Q1 /2(cosh n)] 2b

and also of Eq. (17b), a straightforward calculation leads to the

approximate expression, to first order in toroidal corrections,

b (cosh Vi' - cost')l/ 2  e xaat I_1 1 2 (cosh i')cosm• 9

m-o

=- bc [aext - ext - 3 aeext) e-n cos F., (22)

The number of terms kept on the right hand side of Eq. (22) was determined

by the fact that the qzantities bc aext are of zero order in toroidal
U8

corrections, as is indicated by Eqs. (15a), (171) and (17b). Similarly,

the quantities b~ bt and b cext are of order (b /r )2 •-2(u1 1)'1 or
t a ca cc

e2(a+l)1j1

(bc/rc)2 and, consequently, we have the approximate expression

bc(cosh Vl' - cost' m. 1 (cosh Ii') cosm E'

8-0

bc -b 0 b (En (4*l) - 2)

b bext (En (4e1 W 2) eliF cos El' - 2b et eV11 Cos '], (23)
01

to first order in toroidal corrections. The same relation above holds for

the quantities bc ext.
cm0

From Eqs. (14a), (14b),,(19a), (19b), (22) and (23), it follows that

in the local coordinate system (p', *') of the current ring and to first

order in rc/Rc, we have inside the ring, i.e., when p' _ rc:

12
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A,.xR ,[ao, - 1 (ex t 3 a ext°'c'"

4..o-[o-, R +.: " t OlCos,r. 2 Cs,,.A* [ex a P-- al - 2)-T
-It o~ 01 R ) R~ j

S ,,,c t ~ - 2) LR (': ' rccs*

c ext~'o* SR ___ 2a
0 Co c p' - 2 ) -'t (24a)

vhile outside the ring, i.e., vhen p' , rc, ve have:

Aext r [R 
bexto"' 2es r c 2 °os#

" R- R1[ n . -2) ÷4 C ( 24b) - s'

___ !L osP

Next, ye need the approximate expressions, to first order in rc/Rc,

for the quantities Rcaet, R ex t and R bext vhen a a 0, 1. From Eqs.

(15a), (15b), (15c), (17a), and (17b), it is easy to shov that

Raext 0 [I n SR-- - (rE) n (25a)

c n2 =- o c 2 (25c)
et 5 r2 i 0oIc[ '2_
Ra~~ext 61 GH[~ ] (25b)

R cnxt -•I R2c 2 (250)

RCxt u 01c 14 (25d)ci 64 '2 2 1
Cc

13



ebot I (5e
0 2

Rib°t O C (25)

Substitution of Eqs. (25a) through (25f) into Eqs. (24•) and (24b)
leads to the folloving expressions for hXt to first order in r /R in the

local coordinate system of the rings

ext o I ~4 "Re 3)12]0
"11 O'r O4 [In !Lc 3 2]-2a

"~o p'cos*' (c],(26.)9
- 41 Ic Rt rc 4

when p, :5 r C, and

"A ex s Oic t , 2]

-0 n -C03 ' [In 38R -I (26b)

vhen p' l rc. Let (A, a) be the ring position in the local cylindrical

coordinates of the toroidal conductor (cf. Eqs. (5a), (Sb)). Then, in the

relation above, R , p' and p'cos+' are replaced by

Rc = r + A cos a, (27a)

~22 ,1/2

p,. P2+ A2 -2P A cos (1-)J (27b)

,' cos *' - p cos #- A cos a. (27c)

14



-Equations (26a) and (26b) are useful in the diffusion problem of a

current ring inside a toroidal conducting shell vith first order toroidal

corrections. This vill be reported elsevhere. Here, only the zero order

solution to the diffusion problem is considered. In this case, the vector

potential of the current ring, in the absence of the conductor, is equal to

A eXt w UOI S 1Gý ] (28a)=0 1- cI" FT - I- I (2C

inside the ring, and

- -I'c [Ln .o - 2], (28b)

outside the ring. Equation (28b) can also be vritten as:

A~t "o (I tn-r° 2)
"A o [iI c2 )A

- 0 Ien + (8) 2 - cos (4 - a). (28c)

This expression of the ring vector potential is used in the application of

the boundary conditions at the inner surface of the toroidal conductor.

15



IV. Homogeneous Solution of the Vector Potential

Inside the torus, the most general solution of Eq. (1) is

Aiin . A ext + A in (29)
0 0 b

vhere Ain is the homogeneous solution of Eq. (1). The exact homogeneous

solution can be expressed most appropriately in toroidal coordinates vith

respect to the toroidal conductor rather than the current ring. For that

purpose, ve replace E', n', b by , nit bi = [ro2 -a2 11/2, in Eqs.

(10a), (lOb), (11a), (l1b), and (11c). 'When ni - 1ic' vhere iic-

tn[(r 0 + a + bi)/(ro÷ a - bi)], the coordinates (r, z) describe a circle

vhich coincides vith the inner surface of the toroidal conductor. In terms

of the toroidal coordinates (ni, t), the exact homogeneous solution of Eq. 9

(1) inside the torus is

= bi(coshni - cosy 12- Z1/ (coshft)

Mao

111,0*.(c) Cosa% + .(")sn~] (30)

For small aspect ratio a/r 0 , and, to lovest order in this ratio, ve have

the appproximate relations:

b.i Z r, a a/2r and e-(i + i) =pe-i/2r,

vhere (p, +) are the local cylindrical coordinates vith respect to the

toroidal conductor (cf. Eqs. (5a), (5b)). Moreover, if it is assumed that

each of the coefficients b.jm(c), b , (s) is of order (ro/a)m, then it

follovs from Eqs. (17b) and (30) that the homogeneous solution of Eq. (1),

to zero order in toroidal corrections, is equal to

16



• A/2r - b/ +

in Piml
[, Cosa# + ,% ,Sin# (31)

By redefining the coefficients ajýc) 9 (s) in term of the zero order
(nc) (a)n

coefficients eo , , a% , we conclude from Eqs. (29) and (31) that the

most general solution inside the torus (inside and outside the current

ring) and to zero order in toroidal corrections is

in xt a ja(C) _(S)stm

Aio" + ao + a a a Cos + % Sir#] (32)

Rnl

The undefined coefficients ao, a(o), am vil be determinee from the

boundary conditions.

The homogeneous zero order solution Ain satisfies also the zero order

homogeneous equation

1 a) _kh I;a2 A eo o
ip + -2 (33)

• P

vhich follovs from Eq. (1) by expressing it in the local coordinates of the

toroidal conductor (cf. Eq. (6)) and neglecting the terms vith toroidal

corrections.

For the vector potential outside the torus, ve define the toroidal

coordinates (, Y) in a similar fashion, i.e., ve replace E', Vi' and bc

by F-, •, bo - [to2 - b211/2, in Eqs. (lOa), (lOb), (11a), (11b) and

(11c). When -o - 11oc' vhere -oc a tn[(r 0 + b + b0 )/(r 0 + b - b0 )], the

coordinates (r,z) describe a circle vhich coincides vith the outer surface

of the toroidal conductor. In terms of the toroidal coordinates ( &o Eo),

the exact solution of Eq. (3) outside the torus is

17



0Aout a b0 (cosh% -cosEt0 )1  I s* 3 1  (coshVL%)

* ~c~ 3 ~+ (34)

As before, for small aspect ratio b/ro, ve have the approximate relations:

bo0 ar 0 . OC ab/2r ande 0 0 2r 0 ei#/P. If it is assumed that

each of the coefficients b (c), b bS is of order (b/r )a, then it

follovs from Eqs. (17a) and (34) that the solution of Eq. (3), to zero

order in toroidal corrections, is equal to

Aout r(tn 8o 2)b +Z ) [b(C)cosm, . b.(s) sin.]. (35)so = _0_ (s sin] (35
Mal

Here, the coefficients i(c), 9 (s) have been redefined in terms of the zero
* a

order coefficients bf bc _ (s). These undefined coefficients viii be
* a

determined from the boundary conditions.

It is apparent that Eq. (35) satisfies the zero order homogeneous

equation (33), but the solution of Eq. (33) does not provide all the

information included in Eq. (35). The most general solution of Eq. (33)

vhich is independent of the toroidal angle * is equal to C0 + C1 t-n. vhere

C0 and C1 are arbitrary constants. But Eq. (35) indicates that these tvo

constants are related to each other and their dependence on each other is

established only by solving the problem in toroidal geometry rather than

making some ad hoc assumption. For example, if ve assumed that, at

infinite time, the vector potential outside the conductor is equal to that

of the current ring in the absence of the conductor, ve vould probably

obtain the correct relationship betveen C0 and CI,' but this assumption

18



vould be imposed on the solution of the diffusion problem rather than

coming out naturally as a result from the solution.

19



V. - Initial Conditions of the Vector Potential

Mhen Ic, a and a are time dependent quantities, the coefficients ao,

Cn ) ,b, b(c), and b) in Eqs. (32) and (35) are also time
U 0 a U

dependent. Since outside the torus the vector potential is zero at t - 0,

(bc)(t) and b(S)(t) are also zero at t - 0. In addition, the vector0o) bna

potential is zero at t - 0 inside the conductor. From the continuity of

the vector potential at the inner surface of the conductor and from Eq.

(32), it follovs that the coefficients ao(t), a(c)(t), a(s)(t) are not zero

at t - 0. Since the image fields constitute a zero order homogeneous

solution inside the torus, it is convenient to redefine the as yet

undetermined coefficients

ac)(t) a (t) by subtracting the image solution from them, so that they% c)t, an())

are zero at t a 0. As to the coefficient so(t), in order that it becomes

zero at t a 0, it is convenient to redefine it by replacing it vith a(t) -

(Uo /2)I c(t) (En Sr /a - 2). Then, Eq. (32) should be replaced by

Ain (04t) Lo IcM)[2(En L-a.eo (0,, 1 iC~ r c 1-

2 + a2(t) 2p A (t) cos (4 - a(t)) (36a)

rc

+ ED (+ A t 2 Cos
a a

1•:** "(s(c) (S) .1
÷ no(t) + a a J a (t) cosms + a (t) Sinn#]

20



inside the ring, and

* (p,*,t) - .n (36b)

90 z-In(P99t U I Mt [2 Ln(3b

-n +~~ (ACt))2 - 2 ASt cos(+ - a(t)))
t)2

" L (I + -2 "cos ( - a(t)))]
a a

%0(t) + a a (t) cos) L+ % (t) sins],
,,-1

outside the current ring but inside the torus. The vector potential from

the image has a logarithmic singularity at the image position (a 2 /A(t),

w(t)), vhich lies outside the inner surface of the conductor. Therefore,

inside the torus, it is a zero order homogeneous solution of Eq. (33).

When A(t)/p < 1, Eq. (36b) is equivalent to

in U° [1M a

- Z (•a)" P() - ) cos a a(*-.(t))]

0. m() () in., (7a÷o~t)÷ + 1 a (t) coa÷# + t) sn#

vhere ao(t), a(c)(t), a(S)(t) are zero at t - 0. The zero initialization

of these coefficients viii lead to simple expressions vhen the boundary

conditions vill be applied in the next Section.
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VI. Diffusion Fields Inside and Outside the Toroidal Conductor

In order to compute the fields, the zero order diffusion equation must

be solved inside the conductor and the boundary conditions be applied on

its inner and outer surface. The zero order diffusion equation is obtained

from Eq. (6) by omitting the toroidal corrections, namely,

1 9con + Acon 3Acon
To o 1 -' o -!-t

In general, let

f(p) - If(t) e-pt dt, (39)

be the Laplace transform of f(t). Then, in the Laplace transform domain,

Eq. (38) becomes

a Dcon 02' on
1. 1 o a con O, (40)

vhere icon(p*t

eAo (P,#,t) vas assumed to be zero at t 0. The most general

solution of Eq. (40) is

conA00  (P','P) - COP) Io(P)

+ I ) (e)(p) Cosa# + co(S)(p)mSids+]

+ do(p) Ko(X•) + K... . [d.<(><,, Lodm (s)+ _inm*J,], (41)
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vhere
1/2

x [IUo ap , (42)

and Is(x), K*(x) are the modified Bessel functions of order a.

The boundary conditions, to zero order In toroidal corrections, follov

from Eqs. (7a), (7b), (8c), (8d), (9a), (9b) and (39). They are given by

i o (43c)

Ago(a,*,p) Ag cat fl(,,,t (p3a

80 p-8 3 aa

and the same tvo relations at p-b. Defining ^(C)(p) and F7;)(p) to

Laplace transforms of (&(t)/a)a cosm w(t) and (A(t)/a)a suin a(t),

respectively, the boundary conditions at p-a and p-b, using Eqs. (35), (37)

and (41), lead to the folloving algebraic system of equations:

ao(p) . c 0 (p)ro(Xa) + do(p)Ko% a), (4Ma)

7- Tf,) '- )I; Oa) + d (p)%, Qa)&) (Mb)

Ro [Co(PZ 0X

'n -b 2b;(P) -c(p)I 0p)b) + d0 (p)Ko ()b), (Mc)

b - 0 (p) A-[C )c(p)10 (.\b) + d 0(p)KO, (Mb)It (Md)

vhen ,,0, and

a(i) (i adia a

23



(45b)

b (P) - 1.('(p)I.Qhb) + d* )(p)K.0Xb) (45c)

- *ji) -)b~l(p)II ()kb) + d.' (p)K' (Ab)], (45d)

vhen a Is1 2, o.., and i a c, a, Also, 1'(x), %~(x) are the derivatives

of I (x), K*(x). The solution of the first algebraic system of Zqs. (44a)

- (44d) is

a0(p ( ~ P) -1

b0 (p) - fitpI c ("6b)

c -p - ;0P [~ (ESr -2MX.\)- oA),(c

c0(p) -b*,(p) [Ln e - 2J).\bIy)A) + 0o(b)J (46d)

vhere

(.)- (En Or0 2))a.\b [K (Xa)I 1 0.b) - I N ) , \ )I

+ \a[K,(.\)l 0 0b) +.I0) 0 b] (47a)

jo(X) - (L r - 2).\[K0 (M\)I 1 (.\) +* )),.b

24



(47b)

Similarly, the solution of the second algebraic system of Eqs. (45a) -

(45d) is

U ~ *~*i (X),

S)p ()(P) g , (48b)
C% (F') -,It

bl(p) - ; (p) )b~ (48b)

cm(i)(p) b(i)(p) Ab Ta..0(), (48)

vhere

* r•(a) - - - [Im+I( a)K._I(') - +ia)IMI(Ab)], (49a)

.(X) - )Ab [IT(Aa)KAIi(Ab) + K[(Ma)I._1 ()Ib)], (49b)

and a - 1, 2, 3, ... , t - C, a.

The inverse Laplace transforms of the coefficients given above are

determined from the sun of the residues at the poles of these coefficients.

The poles are computed at the zeroes of f.(Pnk) - 0, Vhere m - 0, 1, 2,

... , k - 0, 1, 2, ... Since all the zeroes occur for imaginary values of

X, ve define the real quantities %k by means of the relation '\k - tGL'k.
2

Then a pole occurs at Pok " ae (cf. Eq. (42)) and the inverse Laplace

transform ha(t) of i•(x)/fm() is
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2

h*(t) o 0 (t), (50)dXl F'S(ioek)

vhere P'*(z) is the derivative of f*(z) and 0(t) a 1, vhen t > 0, vhile

6(t) - 0, vhen t < 0. Using the convolution theorem in the Laplace

transform domain, ve obtain the folloving expressions for the coefficients

inside and outside the torus:

aao(t) - ZA okok(t), (51a)

bo(t) - ZBokUok(t), (5ib)

a)(t) -t), (51c)

b.i)(t) - B U )(t), (51d)
k=O

vhere a - 1, 2, ... , -- c, s, and

U -t/Tok tt'/ok Io_

U='t )o -a c R lc(to)dt', (52a)

U•(c) . 1 e-t/Tak It'/ ak •U0 Icosm(tI, (52b2
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(52c)

9 1 £2
1~ %k' (53a)

Au - 2g( %k) (53b)

-;; 2=( (53c)

vhere a -0, 1, 2, ... k a 0, 1, 2,9. Finally, the functions f~)

o(a) and the derivative f'*(a)-of f (a) are an follovs:

f0 (a) a E0(i6) (M4a)

- OP[(x)Yo(x) - Y (x )J (x1)]

8 r

* 2 (E o 2)~ 1[J1(x0)Y1(x1 ) - I

f ( a) o F*(ia) X"I [J* 1 (X0)Ya.1 (x1 ) - Y+ 1 (x0 )J-1 (x1)],

* (54b)

g0 (a) a j 0 (ia) - [J0(x0)y0(x1) - T(x0)J0(x1)] (55a)

(E I ro 2)x1[J0(x0)Yl(xl) -ox~l~ll

gm(a) aim(ia) = X, x[Jm(x0)r*1 (x 2) -Ya(x 0)J.1,(x1 )], (55b)
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Gf0,(s) ,a 2so(s 000a

(a x2[joJ(x 0)y0(x1) _ yo(x )jox]

F Sr
+-(L 2)ox 1x4J1 (x0 )Y1 (x1 ) - Y1(x0)J1(x1)]

- [(tn r0 -2)x +]x[J1(x0)Y0(x1 ) - y1 x)(x]

- r0  I 2x 1 [J0(x0)Y1(x1) - Y(J

Gf* ( ) w is F;(is) (56b)

R xOx [J..(x 0)Y._1(x1 ) -Y( 0 J x

- [J* 1(x0Yx 1) - (x 0)Jm,(x1)],

vhere x. Go, -, ab, *m 1 2, ... and J m(x), Y (x are the Bessel

functions of order m. Notice that %kare the zeroes of -.ak 0, for

m a 0, 1, 2, ... , k a 0, 1, 2, .

From Eqs. (36a), (36b), (35), (51a)-(51d), ye conclude that the zero

order vector potential inside the ring is equal to

- ~2 a2 (t) - 2oA(t)cos(+.-U(t))(7a0

r2
(5a

c
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+ tD + -2 COS (_ -o(t))

12 a a
+ (s) s 1

p AokUok(t) + s P)* k()oR s I

Outside the ring and inside the torus (i.e, v S a), it is equal to

in 11rAeo(p,*,t) - Z Ic(t) [2 En (57b)

+ (n ( - 2 cos (Co - a(t)))

.o ui (*.3.2-2O 0 * ())
a a

+. LAOk kt [(c)(t)cos.* + U (s t)sina#]

and outside the torus (i.e, p • b) it is equal to

8rI

outL 2 okok(t) (58)

m [u,(ct) Cos + s)(t) sinu*].+ E krp Lak ()os +U.tt

From Eqs. (52a), (52b) and (52c) it is easy to shov that the time dependent

coefficients Uok(t), uUk(.) (t) satisfy the first order differential

equations

Uok(t) + -I- Uok(t) - - I(t), (59a)
+ok Tok
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Uc(t) + L U, c)(t) - -L "o 0 (As t (59b)

O C)t) + -I- IJ~s)(t) - It 'oIM W1 asrst 590

k s) sinm 2 x o

vith initial conditions Uok(() ) (c) - Us(o) - 0, for m - 1,

2, ... ,k a 0, 1, 2, ... These differential equations are very useful vhen

the current ring moves and its equations of motion depend on the diffusion

fields, i.e., vhen the ring dynamics is coupled to the diffusion fields.

Then, the state vector of the system consists not only of the position and

velocity of the ring, but also of the diffusion coefficients Uok(t),

Uj (t), U~s(t), for m a 1, 2, ... , k = 0, 1, 2, ... , and its time

derivative is determined by the ring dynamics, as vell as by Eqs. (59a)-

(59c). Notice that it is much easier to solve in the computer a set of

coupled first order differential equations rather than a set of coupled

first order differential equations and the convolution integrals given by

Eqs. (52a)-(52c).

Next, four exact identities vill be established for the time

independent coefficients As, Bk. For a motionless, step function ring

current, i.e., vhen Ic(t) - 1o0 (t), Eqs. (51a)-(51d) and Eqs. (52a)-(52c)

give

a%(t) 0o Z Aok (1- e -t/ok), (60a)

kno

bo(t) - 0 1 B - e(-t/i°k (60b)

0oZ Bok -(O)
k-o
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I aeC ita. A aa~t ~ ,~ - t/Tak (0)

//

0

b.(c)(t) + i b( .3(t) SA01a-n B e- t/.rk) (60d)

The Laplace transform of IC(t) is Ic(p) - T0/p, and ve have from Eqs.

(46a), (46b), (48a), (48b):

•o(p) Uo 1 j*()) (61a)

0 oA 1

b (p) ý I •., (61b)

¢(c) u( Mo ig(X)

.(p) + ia-..(p) 0 1 e. , , - (61c)

ins 11b (")+ i ;.(p) I e - -, (61d)

From the vell-knovn theorem of Laplace transforms it follovs that twf(t) -

pf(p). Eqs. (47a), (47b), (49a), (49b), give

*o 5  0 () -1, (62a)

Br ,
an -- 2, (62b)

5• rm(.) M . (62c)
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5•, j(X) - •a.(62d) S

Application of the theorem just mentioned in Eqs. (60a)-(60d) and Eqs.

(61a)-(61d), in conjunction vith Eqs. (62a)-(62d) leads to the folloving

identities: 5

Br0
A tn ' -2, (63a)

kno

Z Bok = 1, (63b)

k o

ZAIEkin•, (63c)

k-o

Bm .m(63d)

k-o

These identities have been verified by the computer for a thin as vell as a

thick conducting vall. Substitution of these identities into Eqs. (60a)-

(60d) vhen t -' , leads to

"o M - L o(En ar- 2), (64a)

bo(t) = 0- Io, (64b)

[am )(t)+ia(t) =M L Io 'a, (64c)

(c)) + (s)(M)] 1 1 (A' im(
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Vith the help of these identities and gqs. (35), (36a) and (36b), it is

easy to shov that, as t * m the zero order vector potential inside and

outside the toroidal conductor (as vell as inside the ring) becomes equal

to that of the current ring in the absence of the conductor, i.e., it
ext

becomes equal to Ao' due to the diffusion process. This conclusion

demonstrates the importance of the identities (63a)-(63d).

The magnetic and electric fields inside and outside the torus can be

computed from Eqs. (57a), (57b) and (58). Thus, the self-magnetic and

self-electric fields, i.e., the fields of the ring at its centroid p

A(t), * - a(t), are equal to

e :lf~t M - - (65a)
mil k-o

. [_ ,,(s)() cosmct(t) u(c)(t) sin.s(t)

,:elf (t) L- o "(t) 2 (65b)
2z . V 2i

a

*[u)()(t) cosm(t) + U~s(t) sinaa(t)

Eself(t) - - rt a 1+£ (1 - (Ga--i2.~a 1 2
sel c!t) 1 n + + Eni3 La)

0c

xc(t)x C(t) + z c(t)z C(t)

+-UO t a'
2n • c(t) 2

33



-sk Uok(t)] (650

"k()o (ok I)

- tk ) cosms(t) - Ulks),t " me"Yl

vhere x0 (t) - A(t)cosa(t) and zs(t) M 6(t) sine(t).

The last three relations, and in particular the B component vereop

useful in providing an analytical model for the bea trapping that occurs

after injection in the modified betatron accelerator.

A typical example of the effect that the :.*usion process has on the

ring dynamics, immediately after injection is orvn in Fig. 2. The

numerical integration of the ring equations of motion coupled vith the

diffusion fields vas done for the parameters listed in Table I. Figure

2(a) shovs the projection of the centroid orbit on the r-z plane that moves

vith the same toroidal angular velocity as the ring centroid. There is a

slov (bounce) notion and, due to the presence of the stellarator vindings

(i.e., strong focusing), there is also an intermediate motion. Both of

these modes are indicated in Fig. 2(a). Since there are six field periods

of the stellarator field in the range o S 0 < 2n, the electrons perform six

oscillations during one revolution around the major axis. To take into

account the intermediate motion that has been neglected in the diffusion

model presented in this paper, the resistivity in the code is computed
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using the skin depth that corresponds to the intermediate frequency and not

the actual thickness of the vail. The dots in Fig. 2(b) shov the positions
S

the bee. crosses the r-z plane at 9 = 0 . The time difference betveen tvo

dots is equal to the period around the major axis, i.e., - 27 nsec, and

therefore the speed of the ring on the r-z plane can be inferred from the

relative position of the dots. Fig. 2(c) provides the relativistic factor

y vs. time and the reduction in y is obvious due to the energy lost on the

resistive vall and to establish the electromagnetic field outside the

torus. Another example is given in reference 13, vhich refers to the beam

trapping in the modified betatron accelerator and is in good agreement vith

the experimental results.
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VII.. Approximate Results for a Thin Conducting Vall

The results presented in the previous Sections are approximate in the

sense that they include only zero order toroidal corrections, i.e., are

valid only for small aspect ratio vessels. Othervise, they are exact. In

this Section, the additional assumption is made that the conducting wvll is

thin. This assumption alloys us to compute approximate expressions of the

zeroes %k of f.(ank) a 0 (cf. Eqs. (54a), (5Mb)) and of the vector

potential and the fields.

Mhen the conducting vall is thin, i.e., (b-a)/a << 1, both x 0  an nd

x1 w ab, vhere a is a zero of fa(a) - 0, are very large numbers and the

asymptotic expansions of the Bessel functions can be used in Eqs. (5Ma),

(5b). This is valid only up to some maximum value of m. Keeping terms up •

to order l/z, the asymptotic expansions of J n (z), Yn (z) are: 16

J n(z) X1 JEco4n 2n-1 sin (66a)
o.,- !•~ [Cos. X _ ,.- O ., Xn1, 1.

Ynz- - i n [sin 1n.+ cc. 'n]. (66b)

vhere Xn - z - (n + 1/2) x/2. Ve substitute these expansions into Eqs. •

(54a), (5b). Then, the zeroes of fo(0 k) - 0 are determined from

tan(x x0) (t 1 ,r (67a)

1-n -Xo =- 2)xo

vhile the zeroes of f (%mk) - 0 are determined from

tan(x1 _ Xo) = 2m (67b)

00
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A mere accurate expression for the zeroes of fn (o~k) a 0, correct to order

(m/x) 2 , Is derived in the Appendix, and is given by

2 1
2a _ T 1 lb-_&2

tan(xl . 2o) ; o 2 +.2 (67c)

I 0 _ (67c)-a

If x0 >> 1, ve see from Eq. (67a) that 1x1 - xol << 1. Therefore,

tan( 1 - x%) x, - %a(b- a)&, and one of the seroes is

1/2

aS 8rl 1 j ,(69)

S- 2)a(b - a)

vhile the others are given by

ak - (68b)

vhere k m 1, 2, ... The small additive correction term 1/[kz(t.n(8ro/b)

- 2)aJ has been omitted In Sq. (68b). The zeroes of Zq. (67b) can be

obtained in a similar fashion, except vhen a is as large or larger than xo-

Let a a 1, 2, ... , M, vhere N a Intla/4(b - a)), and Int(x) is the integral

part of x. Then one set of zeroes of Eq. (67b) is approximately given by

11/2
Ommo b [a(2-a)] (69a)

vith an error of only a fev percent rhen (b - a)/a S 10-2. For a as

specified above and k = 1, 2, ... , K, vhere K = Int[a/m(b - a)], the rest

of the zeroes are given by

"ink = -- (69b)
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The small correction term [12 + (kx) 2 /21/(kxs) has been omitted in Eq.

(69b). For values of a and k larger than H and K, respectively, the zeroes -

should be computed numerically from Eq. (54b). Notice that the presence of

the terms (p/a) aend (b/p)• in the series expansions of the vector

potential and the fields indicates that the large values of a become

important vhen these quantities are computed close to the conducting vail,

vhere p/a and b/p become almost equal to 1 and more a-terns must be

included in the sums to converge vithin a prescribed accuracy. An estimate

of the minor radius p1 vithin vhich the vector potential and the fields are

sufficiently accurate is determined by Pi/a . [(b - a)/a]l/H. Since

(b - a)/a << 1, all the terms associated vith (p/a)•, for a - + ÷ 1, N + 2,

... in the series expansions of the vector potential and the fields, have a

negligible contribution, provided p S p1 . A similar argument can be made

for the vector potential and the fields outside the torus. Their accuracy

1/Nis vithin a fey percent vhen V ?. es0, vhere %/a a [a/(b - a)I . Vithin

the distances d, - a - p, and do0  PO - b from the inner and outer

conducting valls the zeroes (and, therefore, the vector potential and the

fields) cannot be computed analytically in terms of a simple expression.

In this case they should be computed numerically from Eq. (54b) and then

use the analytic expressions for the vector potential and the fields. As

an example, vhen (b - a)/a 10-3 then H - 250, K - 318, dI/a = 0.027,

d0 /a a 0.028, but vhen (b - a)/a = 10-2, then N - 25, K - 31, di/a - 0.17,

d0 /a - 0.20. In the folloving, the various quantities vill be computed to

order (b - a)/a, with the understanding that they are not accurate close to

the conducting vall. But in the limit vhen the ratio (b - a)/a tends to

zero (but o(b - a)/a remains finite), i.e., vhen the toroidal conductor

becomes a toroidal conducting shell, the distances di, do are zero and the

results become exact, to zero order in toroidal corrections, everyvhere

inside as vell as outside and in the vicinity of the torus.
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.. Under the assumptions stated above, the time constants Tak in 'q.

(53a) become

Sr
-too . 2 -,,tn 2)9 (70o)

'Tok " k'D- (70b)

00" -, (70b)
= k'

TrD

T .k-- (70d)

vhere

Uoe(b - a)a
TD 2 -9 (71a)

Uow(b - a)2

%1) " n2- (71b)

and a = 1, 2, ... , k = 1, 2, ... Therefore, there are three characteristic

time constants associated vith the diffusion process. The "loop" diffusion

time roo is the slovest and determines the speed vith vhich the external

field of the ring diffuses into the hole of the doughnut. This time is

present because of the toroidal geometry of the conductor. The "cylinder"

diffusion time TD and the "fast" diffusion time 'rD are associated vith the

diffusion process in a cylinder and determine the speed vith vhich the

field of the ring penetrates the conducting vall. Notice that, in the

limit of a toroidal conducting shell, any terns associated vith the fast

diffusion time D diffuse Instantaneously at t - 0 outside the torus.
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This. explains the origin of the electric field that is immediately

established at t - 0 outside the torus for the shell model (cf. statement

after Eq. (90) in the next section). On the other hand, ve knov from Eq.

(58), that the magnetic field does not diffuse instantaneously at t - 0

outside the torus.

Under the same assumptions stated above and to lovest order in

(b - a)/a, ve have the folloving approximate relations

A =tn a - 2 -a (72a)

A 2 b-a (72b)ok (kn) 2 a

Ano 1 2 ba - (72c)

A 4 b -•a (72d)(kx) 2

+ 1 b-aBoo=1 6(n 8° 2• • ,(73a)

6 (En -r 2)

B ( - 1 )k b - a (73b)
ok 8r 02 a'

(En --• - 2)(ka) 2

B 4 b - a (73c)mo i Y a '

B 4 (-1k b-.a (73d)
Bk (k,) 2  a'

for . = 1, 2, ... , k 1 1, 2, ... The relations (73b), (73d) vere derived

direct'. Lrom Eqs. (56a), (56b), vhile the relations (72b) U2d) vere

derived vith the help of Eqs. (73b), (73d) and the relations go( ok) =

(-I) k (En 8r /a - 2), gm(ask) = (-1) k, for m - 1, 2, ... , k = 1, 2,
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Finally, Aoo, Ano, Boo, Bno vere derived using the identities (63a) -

(63d).

As mentioned above, the terms associated vith the fast diffusion time

vary in time on a such faster time scale than the terms associated vith

the times -oo and -D. If the ring current I,(t) and its position (A(t),

ai(t)) vary slovly vithin a fev e-folds of %•, then the part of the vector

potential (or the fields) vbicb is associated vith % can be simplified

considerably.

First, let us consider the self-magnetic field. Substitution of Eqs.

(70b), (70d) and Eqs. (72a) - (72d) into Eqs. (65a), (65b) leads to the

relations

Bself tm - - a ( 2) in(74a)
op a ~ 3a a

* [-(s)(t) cosms(t)÷ o'(C) sim t)

t - -- z k2

4 b -athsef t-t') e- 7; dt',

@ 1

Bself -1 g

B 1 (t)) 1t4 - - a i2(t) aW 2

a ~3 a) Nat
rn-1

r u(c)(t) cosmt m + U(s)(t) sinme(t)]
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,?.~~ .t t k2

4 b -a I self - ,) e ID •

vhere

c (to t') I ') a (75a)

[1. (A(Jtqs.L.2.)2 2 ~t) LL.LL
c TR ) o.(,-c,,- "'•

+ aw 2 a1t)W[1+ a a 2 Co•(aa• 
2,(a2A 2 6 a2 )-0

hself9, -o

hef(to t) Lo I- Wet) 9Pt' (75b)
' a

[1 ((t)A(t'(t) os ( (t -0 '))
+1 MULALLIA 1) 2 -- 2 AMktAW' C.os (ft(t) - OL(tl) )2"

Sa2 a2

If Ic(t - t'), a(t - t'), a(t - t') vary only slightly as t' varies within

a few e-folds of ¶FD, they can be replaced by Ic(t), A(t) and u(t), except

in the sine in Eq. (75b) ve should set a(t) - a(t - t') a a'(t)t' to get

the lovest order contribution. Here a'(t) is the derivative of a(t).

Equations (74a) and (74b) then become

B s telf M m' -a( U1
sel 1 (1 m-3 a~ (aC )

Mal

[-U(s(t) cosm(t) + Ug(c)t) sinme(t)]
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K a

b =a .2p -o 
A I + 0P )

-a (t) t)•') ) 2]3

aa

rn-i

* u~c)(t)csat * u.• )c si--s(t)]
kt-k

SL aO7 ) c~ (t) t

After a few e-folds of 'cD' the sum over k becomes equal to 32/6 and there

i• a residual contribution in the sdlf-magnetic field from the fast

diffusing terms. Since (b - a)/a «< 1, Eqs. (76a), (76b) indicate that

this contribution is small unless the ring is close to the conducting vall.

But in that region, these relations are no longer valid and, therefore,

they provide only a hint as to the significanc. of the fast diffusing terms

when the ring is close to the conducting vail.
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.7From Eqs. (65c), (70b) (70d) and Eqs. (72a) - (72d), and to lovest

order in (b - a)/a, the electric field at the ring centroid is given by

up 2

+ ~jIC(t)2

a - 7c))

+ ( u0 t) + 2Z (Afttl) [U~)(t) cosmst(t) .U~s)(t) sinas(t)

I I (t) + h: elf (t, 01) (77)

k~~~r L. k2

k-1

1 fhself(t~t) k hFD self (t -te 'CFD dtIJ

vhere

hself (t't) t-IW AMtAWt) (78)

Cos (mmt - awt)) - At)A(t') -

a a
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When.i c(t), A(t), g(t) vary slovly, in a similar fashion as for the self-

magnetic field, ve obtain the simplified equation for the self-electric

field

SM - i() M .,. +- (-

x c(t)x c(t) + z c(t);c(t)
Ito a2

( - 2

O c a 2t )) 2-

Uoe t +D 23o •Uc)t + 1csse•)2+ Ol ( 7)snot

vher03 (z, q) is the theta function of order 3,16 i.e.,

03 (z, q)= 1 e "-) qk2 cos2 k z. (80)

kul

Notice that 03 (0, q) can be expressed in terms of the complete elliptic

integral of the first kind K(s), i.e., 63(0, q) - [2 K(s)/n] 1 /2 . Here, m

is related vith the nose q by the relation q - exp[-u K(1-m)/K(m)] and vhen

q tends to 1, then m tends also to 1. When t/rFD << 1, the none q is very

close to 1, and in this case K (1-m) = K(o) - n/2, so that

[2K(m)/R] 1/2 a [rt(1/q)]1/2. Therefore, 03(0o e- t/TD) = [R/(t/%H))]1/2

i.e., the self-electric field is proportional to Ic(t)[ ¶D/t]1 2 vhen t/ZFD

<< 1. If the ring current is a step function of time, i.e., Ic(t) -

100(t), then the self-electric field is infinite at t = 0 (actually, it is

infinite everyvhere inside the torus). This result is not surprising if ve
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take. into account that the vector potential rises in time instantaneously

at t = 0, because the ring current does so. When t/TiD >> 1, we have 83(o,
e-t/T) %_selfprvdsaeidle ~FD) a 1 and the fast diffusing part in Ego provides a residual

contribution.

Finally, consider the electric field outside the torus, i.e., when

P k b. From Eqs. (4c), (58), (59a)-(59c), (70d) and Eqs. (72a)-(72d) we

see that, to lowest order in (b-a)/a, it is given by

E ut (p, ,t) I nr--- 00 (81)
-+ 2 Uo(t) (81)

b 2

8 t 1 2
+ 2 8r (s-"I(clt) cs* ho (t),sin t )

1 En 0 - 2 u 2 (-1)k ) dt0-2c -4 'E•n - - 2 kiD

40 2 0- 21 (- 1 )k h (P,#,t) - 0 ho(P,#,t-t,)e 'FD d',
k-1

where

ho(P,#,t) U= I" i(t) bM(t) (82)
0 2n 

(82pa
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2 -O

1 + b~t)&_ 2 bat) cosn .- ~)

When It(t), A(t), m(t) vary slovly, Eq. (81) simplifies to

Oro1 tn--2
- (Ru p,*,t) =- 8r Uoo(t) 13

En 2

+ 2 a)* (o)t)t cosm + Uso(t) sinim

tn - 2

Svhere O4(z, q) is the theta function of order 4,16 i.e.,

04 (z, q) - 1 + 2 (-1)k qk2 cos 2kz. (84)

kul

Notice that 94(0, q) - [(l-m)1/2 2 K(m)/]1/ 2 . When t/FD << 1, the nome q

is very close to 1 and in this case, K(m) a (1/2) En[16/(1-m)] and 2 K(e)/n

= ./Ln(1/q). Therefore, ve have

, 2 1/2

04(o0, e-t/'CFD) 2 LxreD 2( t/¶r Fj (85)

i.e., vhen the ring current is a step function of time, the electric field

is zero at t - 0 outside the torus. On the other hand, vhen
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t/TrD " 1, then 8,( O,e"') I and the electric field reduces to

that computed from the shell model. It appears, therefore, that the fast
ouOt

diffusing part in contributes the exact amoumt needed'for Eout to

vanish at t - 0, but very quickly Out increases to the value predicted by

the shell model vhen the conducting vall is thin.

To calculate the vail current density J wal(l,#,t) 0 . (,,,t), thesoe (90 t) h

electric field inside the conductor is needed. From the continuity of the

electric field at the inner and outer surfaces of the conductor and vhen

/ <, -con varies from a very large value at the inner surface to a

very small value at the outer surface. Bovever, vhen t/r[FD " 1, but t/TD

<< 1, and in the special case of a thin conducting vall, it is easy to shoy

from Eqs. (57b), (72a), (72c) and (83) that the electric fields at the

inner and outer surface are approximately equal to each other. In the

extreme case of the shell model, they become exactly equal to each other,

and the surface vall current density is equal to JVsll(#,t) = a(b-es

a)Eos (a,#,t), vhere EoBt(a,#,t) is given by Eq. (83). The surface vall

current Is (t) is computed by integrating Jvall os es •t vrteplia

angle #.
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VIII. Two Applications for the Shell M4odel

Mhen (b-a)/a tends to zero but e(b-a)/a remains finite, i.e., for the

shell model, Eqs. (57a), (57b) and (58) simplify considerably, i.e.,

eo 4-o [,,c, r +.Aion ,,( . 0; 1•t ÷½

tn( t 2 A t Cos(.G.~t))] (86a)

a ar

(+ n Sr 2) U..(t) +, 7 . (• ()"t). coo.., +, U , sim.s),
w-1

inside the ring (' C),

i~on 4"U rct a2in (p,#,t) L I (t) [2tn • (86b)

En* Aa t (L&) 2 2 a~t Cos( - UMt))Si1 + _ 2 PIt

a a

(En -O - 2) Uoo(t) + 1 . I- ) ( (Uo),t, cosmo .. t Siam.)

outside the ring but inside the torus (p _ a), and

Aou t ) (En !r- 2) Uoo(t) (7
A kt (p,*,t) - -8r(87)

+ 1 (f (-(c)(t) coss# + U(S)(t) sin.,),

r-1
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outside the torus (p k a), vhere p' is defined by Eq. (27b).

First, consider the case of a motionless ring, i.e., A and a are

constant, and its current is a step function of time, i.e., I c(t) - I1

(t.). Froa Eqs. (52a)-(52c) ve have:

(t) -U * (8es) 0

U()(S) 05  (AN lins TnoM + I U oM n )~ e (1 - • t (88b)

and the vector potential becomes:

Ai(PIr2 (0-n L -- y) - (89a) 0
9 0I r C

- n( Ln -2)e 00 Ln (/. (ot/D).

inside the ring (p' _ rc),

tn U°o [2 (tn r - 2) (89b)

- 2(e+8r-E-2Ae-t/T ° + D+ )- 2 A& e-/cos(4-)1,

outside the ring but inside the torus (p S a), and

At(P,,t) [2 (-n . 0 - 2) (90)

8r t/',ot) - t/"E 2 _ a - /T C S + U

-2 (en r -2(1 e t ) ]
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01

outxide the torus (p k a). Notice that although Aout(p,#,t) is zero at t

0 0, its partial time derivative is not zero at t - 0, because, as explained

in the previous section, the fast diffusing terms which render the electric

field zero at t - 0 outside the torus, are missing in the shell model.

Also, notice that at t-o the vector potential is the sum of the external

vector potential of the ring and its image, but for t>¶oo only the vector

potential of the ring remains present.

As a second application, consider the case in which the ring moves on

a circle, i.e., A is constant, a - at, and its current is a step function

of time, i.e., Ic(t) - 10 8(t). From Eqs. (52a)-(52c) ye have:

Uoo(t) = . - eI/0), (91a)

t
u(C)(t) Po (m M•cosmt + , sint -net

so M - Y 1 Ioti + (*)) 2  (91b)

t

• (S) "o ( _A•m sinmot - • cosmat + •D e
s UM -(t) Y- Io 2 , (91c)l.÷(wrD)2

and the vector potential becomes:

•in Lo 1 [2 (,n 8ro 3 )2

A o (P#,t) - 4 on -n i7 - y (92a)

-2 n Lo 2)e+En (1i+ _)2 2 Pcos(- +-t))

0E + (o.) 2  n (1 + 2 - P2 cos(4-2ot)
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IE

4wD9 ain("-t) 9!u/T in#
Artan a Arctan a t

+. 9! coa("et) g! 41e 'DCx
a

inside the ring (p, r C),

4in (o [2 8r° 2 (92b)

, t)r -t/ 2o )

1 ÷ (a)2
2(1 ar 2e-t•) +- E-tn l + 29f t))I aý2(l 0

- tg ) - 2 a2 cos(+et)

-2wr, 0  tArctan 4 sin(+-t) a e-t/%D sin#2a a
-Aca Arctan a-- t

a 1- 8 -e cosT

a

outside the ring, but inside the torus (p _ a), and

Aout(, 0 o [2 (C. 8° 2) (93)

90 4n

-2 (E nfo 2) - + ( + (AE)n2 _ 2 cos(+-Ot))-p + (A.)'•" +
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*2 - 2 6 )

En- e. t/÷f - 2 1 etID cos(°-t)))

2 O 2 -. 4 sin(-a-t) 1a 't/
-~~ 1-cos(4-Ot) a rca(W 0 e

outside the torus (p a a). There are tvo extreme cases of interest:

1) vhen N << 1; then the vector potential is the same as that of a

motionless ring. ii) vhen *D >> 1; then there is diffusion of the terms

associated vith the loop time -t but the image fields do not dissipate to

zero, but they follov in phase the circular notion of the ring.
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IX.. Conclusion

The diffusion of the self magnetic field of a beau inside a toroidal

conductor is governed by three different diffusion times. The loop time

-oo is responsible for the diffusion of the fields into the hole of the

doughnut and, after a fev e-folds of the fast diffusion time, the time

behavior of the vall current is completely determined by Coo. The

"cylinder" diffusion time TD is responsible for the dissipation of the

image fields vhich are present initially, but they vanish after a fev

e-folds of -tD, if the ring current does not vary vith time. Finally, the 0

fast diffusion time is responsible for the electric field outside the

conductor to be zero initially, but it acquires approximately the value

associated vith the shell model after a fev e-folds of TFD"

After a fev e-folds of the loop time and if the ring current does not

vary vith time, the vector potential becomes equal to that in the absence

of the conductor. In addition, to zero order in the toroidal corrections,

the radial component of the self-magnetic field, vhich is responsible for

the beam trapping, is independent of the loop time. Therefore, the time

scale of the trapping mechanism should be independent of TOO. Reliable

results close to the conducting vall can be obtained only by numerical

computation of the poles and by including a very large number of terms in

the series expansions of the vector potential and the fields. But in the

extreme case of the shell model, the results are exact everyvhere inside as •

vell as outside and in the vicinity of the torus. This model provides

quite an accurate description of the diffusion process for a toroidal

conductor vith a thin vall, except during the first fev e-folds of CFD,

since the effect of the fast diffusing terms is not included. Due to the

simplicity of the shell model, it is rather easy to compute the first order

toroidal corrections. These results vill be reported in a future

publication.
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Appendix

An expression for fm (a), given by Eq. (54b), viii be derived her*,

correct to second order in mix 0. Using the multiplication theorem for the

Dessel functions, ye obtain the relation 16

21 o ~ mJ (x )Y-(x1) -Ya+(xo)Jn-(x) (l

()a xxD k 2 . oal 2 lomk1

*~- ~) o) [Jami(xo)YnmlIk(xo) -Yaml(xo)J-l~k( 0)

With the help of the identities

Jtz 0)- ax) t z0)t~(x 20 (A2b)

Zti1x 0  +.Zt+,(x0 ) x 0 Ab

*vhere Z E(x%) Is either J,(%0) or Y,(x,), ye can shov that

2m 2 Aa
Jm+1(xo) Ymai(xo) -Ym+l(xo) Jmi(x 0 )-w;0-, (AOa)

2
J (xY~x-Y ()J iýu- (A3b)

and for E - 1, 2, ... ye can also shov that

J3,1 (K) Y.+4t-l(xo) - Ym1 (xo) Jm,4E 1 (xO)

2 [..2(2t-1)(m+20 + 0(A4a)

00

* m+l (xo) Ym+4E(xo) -Ym+4.(x 0 )J* +4 (x 0)
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2 - 4L(2t-1)(a;21)(i+2C+l) + 0(Mb)S

0O 0

2 .o4x+t l ) + o( 4
0

J* 8+(xe) Ya*4t 2(xo) -Ya 4 (xo) Ja,4E+2 (xo)

2. 4L(2E+l)(m+2E+l)(m+2PE+2)j + o(4 (AMd)
ra0L 02 0

Therefore, ye conclude that

a o m x0CU

2_ k (k+l)(&+k+2) a,2  x A5

(-1) (2k+e4)1 N a -- 2 0) ( 5
kn.O

4 E(2t -1)(a+2t)(m+2E+1) C2 2 t

4 Z '~ E41)(m.2E+l)(..2t..2) ( a x0) 4

vhere terms of order 1/x 3 and higher have been omitted. A straightforvard

and lengthy calculation leads to the relations0

Z (l)k (2 mk+4 2k+ (A6a)
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p * in-i(m - jsin z -(n)Cos z,

S(2t-1) ( &+2t)(in.e2.÷) z4t+l (A6b)

- t(2t.l)(m+2t.+l)(.2t+2) z4t+3(4t+3) !

p 41 - (- 3)(. 1•2) 3] sin

)- (-- g) [Z'- 2 (a -- )]oo .

Substituting Eqs. (Afa), (A6b) into Eq. (A5), ve conclude that

1 2 a 2
f (a - --- 2 (A7)

2 1) 2 - a22 4 3

*[ a~(. F) a +7- 2a)) x.½*~)((-) + 2a 2 xo o))
sin 2 a x 0

S 2a
.,(a 1 2 -a 22 2 a 2 2

+2Xo)) 2 - ( + (3m +

2 3 22 0)

+ 0 _0) 3 )] Cos 2- 2 a 2 x )
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Ve mw that the zeroas of fm (a) are given by the relation

tan 2 ax) - A/B, (AS)

where

m'b2  2 j) I2 a 2

2 22 12 9 3

+ t2 2 a. o 2 ,

correct to order (/xo0 )2. If (b - a)/a <<1, and x. >>1, the relation above

simplifies to

n2 12

2. 3  2  2 a1

0 X0

tan (xi - Xo) 0 a)b 2a (A9)'- 1-- + (a-- ) ( b++C• 2
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Table I. Parameters of the run shown in Fig. 2

Torus major radius r 100 cm

Torus inner minor radius a 152 cm

Torus outer minor radius b 15.217 cm

Strong focusing radi1us p0  23.4 cm

Strong focusing current ISF 24 k&

Strong focusing Periodicity a 6

Vertical magnetic field Bzo 26 Gauss

Toroidal magnetic field Bso 4000 Gauss

Beam relativistic factor y 1.69714

Beam minor radius rc 3 sm

Beam current Ic 0.5 kA

Vall resistivity 8.84 mQ cm

Intermediate frequency ov 1.8 x 109 sec-1
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BEAM TRAPPING IN A MODIFIED BETATRON WITH A LOCALIZED
BIPOLAR ELECTRIC FIELD PULSE

I. INTRODUCTION

Compact, high-current accelerators are currently under development in several labora-

tories.'- 5 Among these accelerators is the modified betatron. 6" This accelerator is a

toroidal, closed orbit device that utilizes three different magnetic fields to accelerate and

confine the high current electron ring; the time varying betatron or vertical field that

controls mainly the major radius of the electron ring and also is responsible for the accel-

eration, the quasi-static toroidal magnetic field that controls primarily the minor radius

of the ring and also the growth rate of the various unstable modes and finally the quasi-

static strong focusing (SF) field that reduces the sensitivity of the electron orbits to energy

mismatch and spread.

A challenging physics issue of the modified betatron concept is the capture of the

injeoted beam into the closed magnetic field configuration of the device. Capture of the

beam requires that its poloidal orbit be modified within a bounce period T B, i.e., within a

poloidal revolution around the equilibrium position. Modification of the beam's poloidal

orbit can be achieved by either changing the equilibrium position of the gyrating electrons

or by reducing the radius of the poloidal orbit.

The strong focusing field in the modified betatron is generated by a set of stellara-

tor windings. Since this field is a function of the toroidal angle, the canonical angular

momentum Pe is not conserved. However, when Ps is averaged over the intermediate fre-

quency mode of the system w. (= 4xrve/Lf, where ve is the toroidal velocity and Lef is

the period of the SF windings), the averaged < Pe > is an approximate constant of the

motion.1 0 Two different schemes10 - 12 have been developed, so far, for trapping the beam

Manunript approved July 6, 1992.

1



in the modified betatron. In both schemes < Po > is an approximate invariant. In this

paper, we discuss an additional trapping approach, in which < Ps > is not conserved. The

proposed trapping scheme is Lased on the change of the centroid's equilibrium position by

a localized electric field. This electric field pulse is produced by a coaxial pulseline and

has a pulsewidth comparable to the bounce period of the beam.

This ,naper is organized as follows: Section H briefly reviews the generation of the

localized electric field pulse. Section MI treats the propagation of electromagnetic waves

in toroidal geometry. Beam centroid orbits from the numerical integration of equations of

motion are presented in Section IV. Section V describes the constructional details of the

pulseline and the experimental data are presented in Section VI. An interesting feature

observed in the experiment is discussed in Section VII, and Section VIII contains a brief

summary of the results and some important conclusions.

HI. THE ELECTRIC FIELD PULSE

Although the pulseline that is described in Section V is toroidal, the discussion in

this Section is limited for simplicity to the coaxial, cylindrical pulseline shown in Fig. 1.

This pulseline is similar to the radial line initially employed by Pavlovskii et al.,'3 and

analyzed by Eccleshall and Temperley.' 4 In this Section, we briefly review the pulseline

for completeness.

The voltage at the gap Vg of the pulseline after the switch closes can be found by

integrating the equation V x Z = -8B/8ct along the dash line of Fig. 1. Assuming that

the resistivity of the conductor can be neglected, then

2



• = - .9 - - (1)

where 4 is the magnetic flux through the area A surrounded by the dash line.

The magnetic field of the propagating wave is found by integrating the equation

V x B =-A + $E(8E/8t) in the circular area D that is located just behind the wave front.

The result is

B = -;&I/2iR, (2)

where It is the current of the line, and R is the radius of the circular area.

The magnetic flux 0 can be computed from

* =IA .dg, (3)

where B is given by Eq. (2). Substituting (2) into (3), we obtain

"Aleu In -'__ for t < rv R, (4)
I , (2 t), forr<t<3r,

* where U is the speed of the electromagnetic wave, r = 2t/U is the one-way transit time, £

is the length of the pulseline (see Fig. 1), and it has been assumed that R 2 = N/R-3R.

Since the characteristic impedance Z. of the line is given by

zo= 27L A n (R3), (5)

and Vo = IEZo, where V. is the initial voltage of the line, Eqs. (1) and (4) give
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9 Vo, for t<r

-Vo, for r<t<3T.

Up to this point the effect of the beam (load) has been neglected. The beam induces

a voltage Vb at the gap and thus the accelerating voltage is reduced, i.e.,

V, = Vo - Vb. (6)

9

Since Vb = IbZo, where Ib is the beam current and assuming that the beam is matched

to the line, i.e., V. = IZo, Eq. (6) gives V. = V,/2. When the beam is matched to the
9

line all the energy that is initially stored in the line is transfered to the beam and thus the

efficiency of the system is 100%.

If AE is the beam energy change required to move the beam equilibrium position by

a few centimeters, and r. is the period of revolution around the major axis, then

AE 2,r(7)

for the case where the injected beam interacts with the pulseline during the period r < t < 3r.
9

Since Ib = Vo/2Z., Eq. (7) together with the expressions for r and Z. given previously,

yield

i _ AEr.7rfln - 21db "(8)

In the NRL modified betatron the ratio R 3 /R 2 is restricted to values close to unity

by the presence of the strong focusing windings Therefore, the length of the line is unac-
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ceptably large. This difficulty can be avoided by mismatching the beam. In this case, the

initial voltage of the line is made larger than the value needed for matching, namely 21bZo.

Then the voltage at the gap is Vg = V. - IbZo, and the length of the line is given by

1 ~AEro¢c

£ = 4Vf o- IV.- (9)

For AE = 60 keV, r. = 24 ns, e/eo = 80, VO = 20 kV, Ib = 2 kA, R, = 16.8 cm,

R2 = 19.0 cm and R 3 = 21.6 cm, Zo = 0.84 f0 and Eq. (9) gives I = 0.66 m. Although

lower than in the case of the matched beam, the system efficiency is still resonable and is

given by

V2o~- (Vo - IbZ 0). (10)

For the parameters listed above ef - 31%.

Plots of Z., t, ef, and r as a function of e/e0 for the parameters given above are shown

in Fig. 2. For a matched beam, Eq. (10) gives an efficiency of 100%, and at time t = 3T

there is no energy left in the pulseline. The interaction of a beam with a charged pulseline

cavity can be better understood using superposition. It can be shown that the gap voltage

is the sum of the open circuit voltage at the gap of the charged pulseline in the absence of

the beam, and the gap voltage induced by the beam in the absence of any charge voltage.

If the beam is present beyond t = 3r (as is the case with a cyclic accelerator like the

modified betatron), energy will be transferred from the beam back to the pulseline during

the period 3r < t < 5r. This is the case regardless of whether the beam is matched to

the pulseline or not. Fig. 3 shows the gap voltage for a matched beam injected at t = r.
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To avoid beam interactions beyond t = 3r, the pulseline needs to be crowbarred by firing

a set of switches located in the insulating gap region. This isolates the pulseline from

the circulating electron beam. Pulselines used in linear accelerators do not need crowbar

switches because the beam duration is usually less than 2r.

MI. WAVE PROPAGATION IN TOROIDAL GEOMETRY

Let (r, 0, z) be the cylindrical coordinates and 4-,, 4e, E, be the unit vectors in

cylindrical geometry. Then the electromagnetic field can be decomposed into its toroidal

components Es, Be and its transverse components it, Bt, namely:

E= it + Egie, (11a)

S= . + B•'e,(l1b)

where

= E,4 + EC4, (12a)

= B, + BZiZ, (12b) 9

It is assumed that the electromagnetic field can be expressed in the form

E = E(r,z)e-sw +%me, (13a) 9

B = §(r,z)eC-Wt+ime, (13b)

where w is the frequency and m is an integer (m $ 0). Then, it is possible to show from

Maxwell's equations (in MKS units) that the transverse components can be expressed in

terms of the toroidal components as follows:

Et VtEe - iwe x VtBe + T2 Ee9 . + i !Be4.l, (14a)
2- (m/r)2 Ir r
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"1imVE ik i _ ik2i 1 1 (4b)Bt k2 - (m/r)2  rj~~ Vte+w F ~E r2Br- w r 1b

where

V =4 +T (15)

k = V"' ';-I(w/c), &,. and e, are the relative permeability and relative permittivity of the

medium, and c is velocity of light in vacuum.

After a lengthy computation, it can be shown that the toroidal components satisfy

the fkllowing coupled set of differential equations:

2a a O 2m 2  1.OEE [E m 2 +1 2m 2  1 E

-r Es - -- +7A 2
-5 r a2k 2 - (m/r)2 r 3  2r k2 -(m/r) 2 r4

+ 2mw 1 aB(+ k2 (m/r)2• 7 z2 =O' (18)

(10 a a2 2m 2  lOBe [2 M 2 +1 _ 2m 2  1

r aZ•+ ) Vn -k2(- /)2 Or + r r2 k 2 - (mIr)2 _4  Be

2m(k 2 /w) 1 aE =.
V - (m/r)

2 r 2 az .

These equations indicate that it is not possible to have pure TE or TM modes in

a toroidal cavity. But it is possible to have solutions with a small Ee or Be component,

inversely proportional to r. In the first case, the solutions determine the pseudo-TE modes

7



and in the second case, the pseudo-TM modes. Notice that when Eqs. (16a) and (16b)

are solved, the transverse components can be computed from Eqs. (14a) and (14b).0

In order to solve Eqs. (16a) and (16b), we shall make use of the following theorem:

Let Gm and Hm be the solutions of the differential equation

(188 F82 + 2 = F O0. (17)

Then the set of toroidal components

00

Ee = a [Gm._.I (r, z) + Hm+i(r, z)]es-iwt+m, (18a)

Be = ) (G.-i(T , z) - HV.+I((, z))

+ (Gm-.,(r, z) + Hv+i(r, z)) e-iwt+m(8

satisfies the differential equations (16a) and (16b). The same is true for the set

Be = ± [GM-.I (r, z) + Hn+ I(r, z)] e-i1t+iMS, (19a)

Ee =- k2 7 (GM-1(r(, z) - Hm+I÷(r, z))-T2- r2 (19b)
+- +!) (GM- I(r z) + Hm- (r, z)) e-.iwt+im,

r ar

The first set (Eq. (18)) is appropriate for the computation of the pseudo-TE modes and

the second set (Eq. (19)) is appropriate for the pseudo-TM modes, although both modes

can be derived from either set.
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All the results given above are valid for any toroidal cavity. In the following we shall

confine ourselves to a toroidal conductor with rectangular cross section. Figure 4 illustrates

the geometry of the problem. The inner and outer surfaces of the conductor are at r = a

and r = 6, while the lower and upper surfaces lie at z = 0 and z = D. By direct inspection

of Maxwell's equations it is easy to show that for such a toroidal conductor the boundary

conditions are:

Ee = 0, (20a)

SrrB 0 (20b)

at r = a and r = b, and

Ee =0, (21a)

=l---0, (21b)

at z = 0 and z = D. For a rectangular toroidal conductor, the solution of Eq. (7) is

separable. First, let us consider the pseudo-TE modes. A solution of Eq. (17) is

G.((, z) = 1 (AJ.(6r) + BYm(/Or)) cos q-iz (22)

where Jm(z), Ym .(z) are the Bessel functions of the first and second kind, and

Let us also choose Hm (r, z) = G,. (r, z). Then,

9



G,-i + Hm+i = (AJ,$(,r) + BY(•,r)) coo , (24a)

Orl D

and substituting these relations into Eqs. (18a) and (18b) we obtain 9
Es qDrm (AJm.(Or) + BY,.(Or)) (sin D.r) eiwt +m, (25a)

B, 1 2 (AJ4,flr) + BYA(O5r)) (cos C-) e-iwt+im. (256)

By choosing q to be an integer, i.e., q = 1, 2,..., the boundary conditions at z 0 and

z = D are satisfied. The boundary condition (20a) leads to the relations

AJm.(x) + BYm(xi) = 0, (26a)

AJm(X2 ) + BYm(X2 ) =0 , (26b)

where zi = - a and z2 = fb. It is easy to show that the boundary condition (20b) is

satisfied when Eqs. (26a) and (26b) are true. The determinant of the algebraic system

(26a), (26b) must be zero, and, therefore, the unknown parameter 6 is determined from

the zeroes of the relation

J,(zl)Ym(X2) - Jm(Z2 )Ym(Zl) = 0, (27)

10



for pseudo-TE modes.

Next, let us consider the pseudo-TM modes. A solution of Eq. (17) is

Gm (r, z) = (PJme(,Or) + QY.(Pr)) sin 21, (28)

where • is given by Eq. (23). We choose Hm (r, z) = GC (r, z), as before, and substituting

into Eqs. (19a) and (19b), we obtain

=p qwm (PJ7 4 (#r) + QY.(iOr)) (Cos a!) e"~t"" 1 , (29a)
AD Tjr D J

Be =-w(PJ, (fir) + QY, (,Or)) (sin ') e-"'t~"", (29b)

for the TM modes. Again, by choosing q = 1, 2,..., the boundary conditions at z 0 0, and

z = D are satisfied. Either of the boundary conditions (20a), (20b) leads to the algebraic

system

PJ$,(zl) + QY,(zi) = 0, (30a)

PJ,,(z 2 ) + QY,(z 2 ) = 0, (30b)

where Zi and Z2 have been defined. For the pseudo-TM modes, the parameter P is deter-

mined from the zeroes of the relation

Jý(ZI)Yý(Z2)- J,(22 )Yr(Zi) =0. (31)

11
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The final task is the computation of the parameter f from Eq. (27) for the pseudo-TE

modes and Eq. (31) for the pseudo-TM modes. This will be done under the assumption

that the aspect ratio d/a, where d b - a, is much less than unity. First, let us investigate

for zeroes such that the quantity 6 X2 - ZI is much less than unity. A Taylor expansion,

to third order in 6, of Eq. (27) yields

d [ 1  + 2 62] =0, (32)

and Eq. (31) to second order in 6, yields

2d I 2  d ( 0. (33)
a X2 2 a 42

These equations are obtained using the identity

JM+' (ZI)Ym(ZI) - Jm(zi)Yw+ (--1) =2 (34)

and the recursion formulas for the Bessel functions. Equation (32) does not have a zero

for small 6, while Eq. (33) has a zero when zx %, m. In this case, we have 6 ft md/a, and

for m not very large, the parameter 6 is small as originally assumed. More accurately, it

follows from Eq. (33) that z1 % m(1 - d/2a). Therefore, when 6 is small, the pseudo-TE

modes do not have zeroes, while for the pseudo-TM modes 3 • (m/a)(1 - d/2a) and from

Eq. (23),

= () (T)2 (I_ - +(1(35)
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For moderate values of 6 and small d/a, the arguments z1 , z2 of the Bessel functions

are large (at this point this is an assumption that will be justified after the zeroes have

been computed). Using the asymptotic expressions for the Bessel functions, Eq. (27) gives

to lowest order in d/a

m 2 ta(d) 2P (36)

while Eq. (31) reduces to

btan6 ft 8 (37)

An approximate solution of the relations above can be obtained by setting 6 = p7r+ , where

p = 1, 2,..., and c is a small parameter. Then Eqs. (36) and (37) have the approximate

solutions

4m 2 - 1 fd\2

6 p7r + 8 d 2 (38)

and

t •pa.+ 4m 2 +3 (d') 2

8p"r \a3

for values of m that are not very large. From Eqs. (38) and (39) it follows that zx • pira/d

and z 2 - prb/d, i.e., both zx and z 2 are very large and the use of the asymptotic expansions

is justified in the derivation of the zeroes. The eigenfrequencies of the psuedo-TE modes

can be obtained from Eqs. (23) and (38), and are given by

13



9

k2 2 S,• (t,2 + (ff + + , (40

Similarly, the eigenfrequencies of the pseudo-TM modes can be obtained from Eqs. (23)

and (39), and are given by 9

k2 14-)2 (in m2 + + ( )2+ (q, ) 2  (41)

Eqs. (40) and (41) indicate that the eigenfrequencies for a toroidal rectangular conductor

are similar to those of a straight rectangular cavity.

It is apparent from Eqs. (35) and (41) that w does not vary linearly with m and that

the system is dispersive, i.e., the phase velocity is a function of w. However, when D --+ oo,

i.e., for a curved stripline of infinite width satisfying the relation (b - a)/a -C 1, Eq. (35)

gives

which implies that the phase velocity of the propagating wave is not a function of frequency

and thus the various frequency components of the wave propagate with the same speed.

Figure 5 shows a sketch of the electric field lines in the stripline. In this geometry, a quasi-

TEM mode propagates. The dominant fields are B, and E, with a small E0 component 0

and all other components, namely E,, B, and Be are zero.

The pulseline described in Section V has a topology different from that of the curved

stripline of infinite width and thus it is not clear if the results of the stripline model

14



are applicable. Obviously, a complete 3-D analysis is required for the actual topology of

the toroidal pulseline before a definitive conclusion can be reached about its properties.

However, it should be noticed that the wave equation in toroidal geometry is separable

in the variables t and 9 and thus its solution is a superposition of eigenfunctions of the

forms F(t, C)eiwt-ims, where ;&, f and 9 are the toroidal variables. Unfortunately, the

eigenfrequencies of the toroidal pulseline cannot be easily obtained. It is expected that

in the general case the pulseline is dispersive. However, for the special case where the

separation between the pulseline conductors is much smaller than their minor radii, and

the minor radii are also small compared with the major radius of the line, the dispersive

effects are likely to be negligible for quasi-TEM modes.

IV. NUMERICAL RESULTS

The beam dynamics in the modified betatron have been studied for the bipolar pulse

shown in Fig. 6. The pulse is negative (accelerating) for the first 50 us, and positive

(decelerating) for the subsequent 100 us. In a Pavlovskii line 13 only the second pulse is

used for acceleration. Here, both the positive and negative polarity components of the

pulse are used because more efficient trapping occurs with this choice. The orbit for the

beam centroid is obtained by integrating the equations of motion with JAX, a 3-D particle

integrator code. The toroidal pulseline electric fields are computed from a cylindrical

model with a simple 1/r toroidal correction to ensure that j EerdO is the same for any

path. The stellarator fields are calculated from Biot-Savart's law by dividing each period

of the winding into twenty segments. The image electric and magnetic fields used in the

code have been discussed in previous publications .
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Successful trapping in the modified betatron requires that 1) the beam does not hit

the injector after the first toroidal revolution around the major axis and 2) the beam does

not return to the injector after a poloidal (bounce) period. Numerical results for various

amplitude pulses are shown in Figs. 7, 8 and 9. The parameters for the three runs are listed

in Table I. The figures show the projection of the beam centroid on the 0 = 0 plane. The

small circular motion in these figures is associated with the stellarator field (intermediate

frequency mode). Since there are six stellarator field periods between 0 < 0 < 2r, the 0

beam centroid performs six oscillations during a revolution around the major axis. The

beam moves approximately 1 m in the toroidal direction for each small orbit.

Results with the 80 kV bipolar pulse are shown in Fig. 7. At the end of the first

revolution around the major axis (t = 25 us), the beam has moved almost 5 cm which

is more than enough to miss the injector and its shroud. At the end of the first bounce

period, the beam is on an orbit with a radius of just over 3 cm centered at 100.6 cm. Thus

both trapping criteria have been met.

As the beam passes through the gap, its energy changes. This change in -y will cause

the center of the bounce (slow) motion to move according to

Ar A'Y/fY
r n - ng(rb/a) 2 + n8 1'

where A-y is the energy mismatch, n is the external field index, n. is the self field index,

nf is the strong focusing index1 ° , rb is the beam radius, and a is the minor radius of the

vacuum chamber.
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For the parameters of Fig. 7, Ar is ±0.9 cm. Its sign depends on the polarity of the

pulse. At t = 0 the center of the bounce motion is at r = 102.4 cm. After t = 50 ns,

the electron beam has been accelerated twice by the negative voltage and the equilibrium

position is at 104.2 cm. This change in the center of the motion results in a smaller radius

of curvature than it would have otherwise. During the second (positive) phase of the

bipolar pulse, the beam is decelerated - times with a net change in equilibrium position of

3.6 cm and the center of the orbit is at 100.6 cm. The bipolar pulse, properly timed, has

the effect of chasing the particle and continuously decreasing the size of the orbit.

An even better final orbit is obtained by increasing the pukseline voltage to 100 kV as

shown in Fig. 8. Because of the larger A-y the final equilibrium position is at 100.2 cm and

is closer to the beam. The final radius of the poloidal orbit is considerably larger when

the amplitude of the bipolar pulse is reduced to 60 kV, as shown in Fig. 9. If the toroidal

field and the strong focusing current are halved, the required bipolar pulse amplitudes are

also roughly halved for similar trapping characteristics. However, the beam radius rb is

larger at the lower toroidal field.

V. PULSELINE CONSTRUCTION

The modified betatron vacuum chamber consists of twelve flange coupled 30*sectors

with a major radius of 100 cm, and a minor radius of 15 cm. The pulseline was designed

as an integral part of a 600 sector, and it is intended to replace two 30° vacuum chamber

sectors. Fig. 10 shows a simplified drawing of the pulseline. The insulating spacer across

which the gap voltage is developed is shown at the leftmost end. The pulseline looks like a

toroidal coaxial equivalent of a folded stripline. The radii of the inner and outer conductors
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are R, = 16.8 cm and R3 = 21.6 cm. The radius R2 of the middle conductor is chosen

to make the characteristic impedance between the inner and middle conductors equal to

that between the outer and middle conductors. Thus R2 = v'ATA =19.0 cm. The choice

of values for R, and R 3 is severely limited by the available space between the vacuum

chamber and the coils of the modified betatron.

Deionized water is used as the dielectric medium between the pulseline conductors.

This choice yields the maximum practical pulselength for given geometric dimensions.

Since the dielectric constant of water is -80, the mean one-way transit time r is 45 ns. To

avoid field errors, the magnetic field penetration time of the pulseline needs to be the same

as for the rest of the vacuum chamber. The pulseline is constructed from fiberglass and

epoxy-reinforced carbon fibers. The modified betatron vacuum chamber is constructed

similarly. The inner pulseline conductor is made of seven layers of carbon fiber cloth with

a total thickness of 1.5 mm. However, a major portion of the line current is carried by a

sheet of phosphor-bronze wire cloth embedded between the outer two carbon layers. The 0

surface resistivity of the wire cloth is 32 mO on a square. The measured resistivity of

the carbon fiber matrix is '-8 mfl-cm. The middle conductor is also made of carbon fiber

with an overall thickness of 1.5 rmm, but it has two sheets of phosphor-bronze wire cloth

to simulate the folded nature of the pulseline. Finally, the outer conductor is similar in

construction to the inner conductor.

The middle conductor is perforated with a large number of 3-mm-diam. holes to

facilitate free circulation of water within the pulseline. The hole spacing is -2.5 cm. Water

is admitted through five holes at the bottom. After circulating through the pulseline, the
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water exits through five holes at the top, and then passes through a deionizer before

returning to the inlet holes. The water resistivity is maintained above 8 MfO-cm. Also, the

initial filling is done gradually, typically taking 20-30 minutes. This minimizes bubbles in

the pulseline and in the circulating water.

Switching is done by a set of triggered vacuum surface flashover switches. Cast

polyurethane annular disks separate the vacuum flashover region from the outside, and

from the water dielectric medium. Spark gap switches cannot be used here for several

reasons. The capacitance of the middle conductor with respect to the inner and outer con-

ductors is 50 nF. For a typical charge voltage of 20 kV, the stored energy in the pulseline

is only 10 J. It is doubtful if spark gaps can switch the pulseline with a total switch resis-

tance loss less than 0.5 J. Another disadvantage of spark gaps is their inability to perform

at low voltages a& crowbar switches. Ideally, during the crowbar phase, the switch needs

to close when there is no voltage between its electrodes. The vacuum surface flashover

switches used here perform admirably well under these conditions as will be shown in the

next section. Because of the tight space restrictions, a spark gap switch might take the

form of an annular rail-gap switch. But the machining tolerances that would be necessary

to ensure multichannel operation at these low voltages, would be quite impractical for a

rail-gap switch. The surface flashover switches also offer the added convenience of almost

complete isolation between the trigger and pulseline charge circuits.

Eight surface flashover sites on the vacuum side of the outer polyurethane disk initiate

pulse propagation in the water lines. Each site is triggered by plasma emanating from the

end of an overvolted 0.64-cm-diam. semi-rigid coaxial cable. A simplified circuit diagram of
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the initiation driver circuit is shown in Fig. 11. The spacing between the end of the trigger

coax and the polyurethane surface is typically 8 ram. The inductance of each flashover

switch is roughly 50 nH. If all eight switches fire synchronously, the net inductance is 50/8

= 6.3 nH. Using Eq. (5) the pulseline characteristic impedance is 0.84 fl. So the risetime

due to inductance alone is 2.2 x 6.3/0.84 = 16.5 ns. The crowbar switches are a similar

set of eight triggered flashover sites on the inner polyurethane disk. The crowbar driver

circuit is also similar to the initiation circuit shown in Fig. 11. All electrical connections 0

between pulseline conductors are made via spiral wound RF gaskets. Gold plated, 1.3-cm-

wide stainless steel strips on the conductor walls provide the mating surfaces for the RF

gaskets.

Four capacitive probes in the outer conductor wall monitor the electric field between'

the middle and outer conductors. Each probe is a gold plated stainless steel disk with

a diameter of 1.25 cm. The probe surface is in intimate contact with the water and is

flush with the inside surface of the outer conductor. Thus field perturbations due to these

probes are kept to a minimum. Of the four probes, two namely CAPI and CAP4 are on

the horizontal midplane. CAP1 is the capacitive probe closest to the initiation switches.

Its distance from the switching plane, measured along the inside surface of the outer

conductor, is --27 cm, and the distance of CAP4 from the switching plane is -'80 cm. The

probes CAP2 and CAP3 are located midway between the other two probes, but CAP2 is

displaced 60* in poloidal angle above the horizontal midplane, and CAP3 is 60° below the

midplane. Their distance from the switching plane is --53 cm.
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VI. EXPERMIMENTA.L RESULTS

Before discussing the pulseline results, it is instructive to review some of the results

obtained from an earlier experiment set up to study the characteristics of the vacuum

surface flashover switch. A 2.5-cm-high block of polyurethane supported between brass

plates, formed the flashover switch for this experiment. The plates were connected to a 3-m-

long semi-rigid coaxial cable charged to 30 kV. Plasma from another overvolted semi-rigid

coaxial cable triggered the main switch. The driver circuit for the trigger coax is similar

to that shown in Fig. 11, and typical charging voltages ranged from 15 kV to 30 kV.

The flashover switch current was measured with a shielded Rogowski coil. The risetime

appeared to be --10 ns. The calculated rise time due to switch and lead inductances is

only 5 us. Thus a substantial part of the rise time needs to be attributed to the resistive

phase of the switch. Resistive rise times usually depend on the magnitude of the voltage

across a switch, while inductive rise times show no such dependence. The presence of the

resistive phase was confirmed when the rise time increased to 20 ns for charge voltages

below 15 kV. For a 10 mm spacing between the trigger coax end and the flashover surface,

switch current was observed roughly 50 ns after the trigger coax end overvolted. This

delay may be attributed to the finite plasma propagation velocity, which appears to be on

the order of ]07 cm/s. When the spacing was increased to 13 nmn the delay increased to

-65 ns, and for a spacing of 6 mm the delay appeared to be -35 ns. The switch voltage

was 30 kV and the driver charge voltage was -25 kM. The switch performance showed a

weak dependence on the polarities of these voltages. The sixteen initiation and crowbar

switches used on the pulseline are roughly similar in dimensions to the switch described0

above. Thus comparable performance can be expected.
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The pulseline cannot be dc charged because of resistive losses due to the relatively

high water conductivity. For a 20-kV charge voltage, the resistive loss in the pulseline

is 1.3 3 if the voltage is applied for 4 iss and the water resistivity is 8 M1l-cm. This

needs to be compared with the 10 J stored energy in the electric fields. The pulse charge

time is therefore chosen to be less than 2 ps, and the charge voltage is near its maximum

only for about 1 ps. Figure 12(a) shows the charging voltage on the middle conductors

as measured by capacitive probe CAP1. The pulse charge circuit consists of an 80-nF

capacitor dc charged to 18 kV and discharged by a spark gap into a short length of

coaxial cable the other end of which connects to the middle and outer pulseline conductors.

Since the pulseline capacitance is 50 nF, the charging waveform is expected to have a

[1 - cos(wt)] dependence, which appears to be the case in Fig. 12(a), and the peak voltage

is 18 x 2 x 30.8/50 = 22 kV. The equivalent series inductance is -8.7 JAH.

The initiation switches fire at -2 ps when the charge voltage reaches its peak. A

gap voltage appears immediately after initiation as shown in Fig. 12(b). The gap voltage

is shown on an expanded time scale in Fig. 13(b). It is measured using a capacitive

probe located close to the insulating gap spacer. The signals in Fig. 12 are integrated

with a 10-ps passive integrator. For the waveforms in Figs. 12 and 13, the pulseline is

not crowbarred and there is no load (beam current). When the initiation switches fire, a

quasi-TEM wave is excited in the outer water line. The wavefront propagates away from

the switches until it reaches the end of the middle conductor. Here the wave makes a 1800

turn and most of the wave energy propagates in the inner water line toward the crowbar

switches. Because of the open-circuit condition at the gap, the wave reflects and proceeds

towards the initiation switches where it reflects again because of the short-circuit, and the
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cycle repeats. The period of the cycle is the two-way transit time in the pulseline, i.e.,

0 90Ons.

The gap voltage in Fig. 12(b) appears to decay with an e-folding time of 0.7 us. The

decay rate can be calculated from the known resistivities of the conductors used. The

gap voltage is obtained by integrating the rate of change of the magnetic flux enclosed by

the dashed line in Fig 1. This voltage is also equal to the magnitude of the propagating
0

voltage wavefront, if a one-dimensional approximation is employed for the pulseline. A

propagating wavefront in an infinitely long line is described by V exp(--yz), where 9 =

(R + La)(G + C8). R, L, G and C are the line resistance, inductance, conductance

and capacitance per meter and a is the Laplace transform time variable. Since the gap

voltage is roughly sinusoidal after the first oscillation, one can substitute jw for a and

write -y = a + jf, where w/2w is the frequency of the oscillation. If R << wL and G

<< wC, a 2 R/(2Zo) + GZo/2, where Z. = V/Ii. Using the known resistivities for the

carbon-fiber matrix and the phosphor-bronze screen, R = 33.5 mfi/m. G can be used to

account for losses in the water. For a resistivity of 8 Mfl-cm, the conductance G is 6x

10-" mho/m, and since Z. = 0.84 fl, the attenuation constant a is 0.02 Neper/m. Losses

in water account for only 1.3% of the total losses. The calculated value of a predicts an

e-folding time of 1.5 ps for the decay rate of the gap voltage. This is roughly twice the

observed time in Fig. 12(b).

The higher resistive losses in the experiment may be due to several factors. Potential

sources for this discrepancy include joint resistances, perforations in the middle conductor,

additional losses when the wave L-akes the 180 turn around the edge of the middle con-
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ductor, losses in the switches, and losses due to skin effect. The correction for skin effect is

likely to be small because the diameter of the individual wires forming the phospor-bronze

screen, is 38 pm, while the skin depth for the dominant frequency is -- 50 m m.

Figure 13 shows the pulseline waveforms on an expanded timescale. Only the initiation

switches fire for this sequence of shots. Figure 13(a) shows the current in one of the trigger

coaxes at the driver end of the line (see Fig. 11). The current is measured using a shielded

Rogowski coil and integrated with a passive 2-ps integrator. This waveform triggers the

oscilloscope and serves as the time reference for all other waveforms in Fig. 13. The

dc charge voltage on the 80-nF driver capacitor is -24 kV. Waveforms (b) thru (e) are

integrated with a 10-ps passive integrator. Figure 13(b) shows a two-shot overlay of the

gap voltage. The dip at 330 ns does not appear to be quite reproducible, probably because

of variations or lack of synchronism in the initiation switch firings. Waveforms (c), (d) and

(e) show the voltages measured by capacitive probes CAPI, CAP3 and CAP4. There is a

certain amount of shifting of the zero-level baseline in these signals. This is readily apparent

in Fig. 12(a), and it is due to the inadequate RC time of the 10-ps integrator. This effect is

absent in the gap voltage waveforms because they are approximately symmetrical voltages.

Signals (b) thru (e) use a common-mode rejector's while (a) does not. The common-mode

rejector was made by winding 9V turns of RG-174 cable on a ferrite core, and it adds a

delay of 90 ns. Additionally, since the Rogowski coil measures the current at the driver

end, it can "sense" the trigger coax flashover event only after 45 ns, which is the one-way

transit time of the trigger cables. The flashover event "zurs at t = 120 ns in Fig. 13(a),

and the gap voltage appears a . - - .30 ns in Fig. 13 (b). The delay in the firing of the

initiation switches is therefore (230 - 120) - (90 - 45) = 65 ns. This is consistent with
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the finite plasma propagation velocities and delays measured for the prototype flashover

switch described at the beginning of this section.

The rise time of the gap voltage waveform in Fig. 13(b) appears to be --22 us as

indicated by the first negative going pulse. This could be the result of only six out of eight

switches firing simultaneously, in which case the predicted risetime is 2.2 x 0.3/0.84 = 22 ns.

Because of the transit time isolation between switches, there is a high probability that all

eight switches fire on every shot, but two switches may fire, say 5 us later. This is a likely

event, in view of the fact that the delay due to trigger plasma propagation time, is roughly

65 ns. A more detailed comparison of the waveforms in Fig. 13 with simulated waveforms,

is carried out in the next section.

Figure 14 shows the effect of crowbarring. The delay between the initiation and

crowbar switch firings can be continuously varied. Figure 14(a) shows the gap voltage

when the crowbar switches fire at the right time. The waveform is close to the desired

waveform (see Fig. 6). In Fig. 14(b) the pulseline was crowbarred --20 ns later. The delay

can be arbitrarily varied to essentially short-circuit the gap voltage at any point in time.

Even though there is energy stored in the pulseline during the post-crowbar phase, no

gap voltage appears because both ends of the line have been short-circuited. Figure 14(a)

appears to indicate that the flashover switches perform satisfactorily even when there is

very little voltage across them. It is extremely difficult to achieve similar performance with

spark gaps.

Following the installation of the strong focusing windings in the NRL device it has been

routinely observed that for several combinations of injection parameters, the beam consis-
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tently spirals from the injection position to the magnetic minor axis and is trapped.'- 12

Thus, trapping experiments using the pulseline have not yet been performed. If successful,

the trapping of the beam with the pulseline is expected to make the modified betatron

more versatile because it will allow a wider choice of the values of the toroidal and strong

focusing fields during injection.

VII. DISCUSSION

In this section, the experimental data are compared with results from a computer sim-

ulation for a straight coaxial transmission line, which is known to obey the one dimensional

wave equation. An interesting outcome of this comparison is the possibility that three di-

mensional effects in the toroidal pulseline counteract some of the distortions in pulse shape

due to switch inductance. The net result is a superior pulse shape in comparison with the

pulse that would have been obtained with a straight coaxial pulseline.

There are several features in the experimental data that do not agree with the com-

puter simulations. These differences are described in more detail later in this section. The

gap voltage waveform (Fig. 13 (b)) is of special interest. Although, the initial falling edge

of the bipolar gap voltage waveform indicates a rise time of - 22 ns, which is close to

the predicted value, the subsequent rising edge at - 300 ns lacks a "shoulder' and has

a rise time of •- 32 ns which is much larger than expected. Also, the dip at - 350 ns is

considerably smoothed out. These, and other smoothing effects become apparent when

waveforms (b) thru (e) in Fig. 13 are compared with the simulated waveforms appearing

in Fig. 16.

The 1-D simulations are performed using a transmission line code that is routinely
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used for the analysis of transient in electrical circuits. The code successfully reproduces

the current waveform in Fig. 13(a), where wave propagation takes place in a 9-m long,

RG-214 coaxial cable, and three dimensional effects are absent. Figure 15 shows the

transmission line representation of the toroidal pulseline, as used in the 1-D code. The

voltages VI, V3 and V4 at the junction nodes correspond to the voltages measured by

the capacitive probes CAP1, CAP3 and CAP4, and the electrical lengths of the four
4

transmission lines are appropriately chosen. Also, E ri = 45 us, which is the one-way
i=1

transit time of the pulseline. All lines are assumed to be lossless. The switch inductance

L. is assumed to be 8 nH, corresponding to the case where six out of eight switches fire

simultaneously.

The topology of the pulseline is interesting in the sense that the gap voltage responds

immediately to the closure of the initiation switches. Therefore, the rise time of the gap

voltage is directly related to the switch closure time. Figure 16(a) shows that the rise

time of the first negative going pulse is - 25 ns, which agrees with the experimental value.

However, the fall time of the negative pulse shows a well defined shoulder at - 45 ns. This

shoulder is absent, or is considerably smoothed out in the experiment (see Fig. 13(b)). The

shoulder occurs when the propagating wavefront reaches the crowbar switches, and reflects

due to the open circuit condition at the gap. The dispersive resistive losses in the pulseline

can also cause smoothing, but this is not applicable here because resistive losses modify

the pulse shape only over long periods of time, while the smoothing described above occurs

almost instantaneously. Traces (b), (c) and (d) in Fig. 16 show the calculated voltages

corresponding to those measured by capacitive probes CAP1, CAP3 and CAP4. These

waveforms show well defined shoulders (for example, the shoulder in (b) is at - 85 ns),
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which are delayed signatures of the reflection event at the gap. Again, all these shoulders

are smoothed out in the experimental data.

Another distinguishing feature is the large dip in the calculated gap voltage waveform

in Fig. 16(a) at - 100 no. This occurs when the wavefront returns to the initiation

switches and reflects. The dip would be absent if an ideal, distributed, radial switch with

zero inductance is employed in place of the eight surface flashover switches used in the

experiment. If the switch inductance L. is reduced, the depth of the dip is unaffected,

but its width is reduced. This can also be shown analytically. The gap voltage dip is

considerably smoothed out in the observed waveform.

An explanation of the observed smoothing is the possibility that the three dimen-

sional geometry of the pulseline causes substantial wavefront distortions, and the toroidal

pulseline may indeed be dispersive. There may also be other mechanisms that distort the

waveforms in the experiment. However, the distortions cannot be attributed to the capac-

itive probes used for the measurements, because these probes are known to have adequate •

frequency response. In an earlier analysis of curved transmission lines, 16 expressions for

the characteristic impedance of a deformed line have been derived, but the analysis does

not treat the details of wave propagation inside the line. It is well known that a sharp

bend in a coaxial cable distorts the shape of a pulse sent through it. The distortion is

usually analyzed in terms of the impedance mismatch introduced by the bend. In prac- •

tice, mechanical considerations limit the bend radius of cables. As a result, the observed

distortions in cables are usually negligibly small.

The gap voltage waveform of a straight coaxial pulseline is expected to have a pro-
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nounced dip as shown in Fig. 16(a). This dip is considerably smoothed out in the toroidal

pulseline and the gap voltage waveform bears closer resemblance to the ideal waveform.

The accelerated electron beam interacts with the pulseline only via the gap voltage and

the beam cannot "sense" the higher order modes or other nonideal conditions existing

inside the pulseline. So, in a restricted sense, the toroidal pulseline might be superior to a

straight coaxial pulseline.

VIII. SUMMARY AND CONCLUSIONS

Numerical results from the integration of orbit equations indicate that the injected

electron beam in a modified betatron accelerator can be trapped using a charged pulseline

over a wide range of operating parameters. Trapping is accomplished by modifying the

poloidal orbit within a bounce period. This orbit modification is due to the change of

beam energy. A distinctive feature of this trapping scheme is that the average canonical

angular momentum < P.s> is not conserved. Trapping is achieved over a wide range of

pulseline voltages from 30 kV to 100 kW.

A toroidal coaxial version of the Pavlovskii line is used to change the energy of the

beam. A 0.84-fl water dielectric line has been built and tested. The toroidal pulseline is

successfully switched using triggered vacuum surface flashover switches. The rise time of

the crowbarred, bipolar pulse is typically 22 ns. The gap voltage waveform of a straight

coaxial pulseline is expected to have a pronounced dip due to switch inductance. Experi-

mental data show that this dip is considerably smoothed out in the toroidal pulseline.
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Table I. Parameters used for the beam trapping simulations.

Fig. 7 Fig. 8 Fig. 9

Relativistic factor -y 2.36 2.36 2.36 9

Bipolar pulse amplitude (kV) T80 T-100 :F60

A'//pass ±0.157 ±0.196 ±.117

Beam current Ib (kA) 1.36 1.36 1.36

Injection radius ri (cm) 108 108 108

Beam radius rb (cm) 1 1 1

Self field index n.(rb/a)2  0.6 0.6 0.6

Torus major radius ro (cm) 100 100 100

Torus minor radius a (cm) 15.2 15.2 15.2

SF radius po (cm) 23.4 23.4 23.4

SF current I.! (kA) 20 20 20 9

SF index nq 8 8 8

Vertical field at injection B, (G) 34 34 34

Vertical field index n 0.5 0.5 0.5

Toroidal Field Be (G) 4000 4000 4000
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FIG. 1. Simplified cross sectional view of the coaxial pulseline.
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FIG. 5. Sketch of quasi-TEM wave propagation in a curved stripline of infinite width.

Only electric field lines are shown, and Ee is shown exaggerated for clarity.
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Dynamic behavior of an electron g close to a cyclotron resonance
in a modified betatron accelerator

D. Dialetis,* S. J. Marsh,t and C. A. Kapetanakos
Plama Phsusa Dwiaoa, Natal Resech LaWut • , Whngrtan, D.C 20375-500

(Received 15 June 1992)

The effect on the electron-ring dynamics when a cyclotron resomnce is cramed in a modified betatron
accelerator has been studied analytically and numerically. It has been found that, in the presence of
small vertical field errors. there as a feld-error-amplitude threshold below which the normalized trans-
verse velocity 01 of the gyrating electrons is bounded (Fremel regime) and above which it is umbounded
(lock-in regime). In the lock-in regime, the average value of the normalized axial (toroidal) momentum
y@, whe•. y is the relativistic factor and P# is the normalized axial velocity, remains constant, ie, the
resonant s never cr-ssed. 'In addition, above threshol•,0 1 increases proportionally to the squa root
of the time. The threshold value of the vertical field error amplitude can be made larger either by in-
creasin the acceleration rate or by adding a small oscillatory toroidal field to the main toroidal fed.
The multiple crosmg of the same resonance in the presence of such a small oscillatory toroidal field,
was also studied with some interesting results.

PACS number(s): 41.75.Fr, 41.85.Lc, 29.27.Bd

1. LNTRODUCTION roifl1/,r0c is approximately unity, at least when the
beam current is low and in the absence of strong focus-

There is extensive experimental evidence suggesting ing, the 1-mode cyclotron resonance is crossed when the
that the gradual beam loss that is observed in the Naval detuning factor is zero. Furthermore, the detuning factor
Research Laboratory (NRL) modified betatron accelera- appears naturally in the slow equations of motion derived
tor (MBA) is a consequence of crossing various cyclotron by averaging out the fast cyclotron motion. The fact that
resonance modes during acceleration [1,2]. The cyclo- w + is inversely proportional to yP* has a profound
tron resonance is due to the excitation of the cyclotron effect on the ring dynamics. The quantity yfi has a non-
motion by field errors associated with the toroidal and linear dependence on the normalized perpendicular ve-
vertical magnetic fields. Consequently, these field errors locity o, and, as a consequence, there is a threshold for
can be either a vertical-field 8B, (VF) error or an axial- the vertical field error amplitude below which P1 is
(toroidal) field 8B@ (TF) error or both. bounded (Fresnel regime) and above which P± increases

Recirculating accelerators with low accelerating gra- continuously (lock-in regime) with time. In the lock-in
dient such as the existing NRL modified betatron are sen- regime, the detuning factor remains almost zero long
sitive to field errors, because the electrons have to per- after the resonance has been reached and, therefore, the
form a large number of revolutions around the major axis resonance is never crossed. In addition, above threshold,
in order to obtain the desired peak energy. Successful Pi increases proportionally to the square root of time
detection and elimination or reduction of several field er- while yPe remains, on the average, a constant. The
rors in the NRL device led to beam energies in excess of threshold value of the vertical field error amplitude can
20 MeV, while the trapped current is above 1 kA [3]. be made larger either by increasing the acceleration rate

Although the cyclotron resonance is a potent mecha- or by adding a small oscillatory toroidal field to the main

nism with the potential to disturb the beam at a low ac- toroidal field. The latter method is called dynamic stabil-
celeration rate and when the various fields are not care- ization of the resonance.
fully designed, it also may provide a powerful technique In the case of a vertical field error and in the absence of
for extracting the beam from the magnetic-field acceleration, space charge, and strong focusing field, our
configuration of the modified betatron [4]. The study of studies of the cyclotron resonances show that the normal-
the cyclotron resonances is facilitated by introducing the ized transverse velocity Pi and thus the Larmor radius of
detuning factor w = r0olD/yfl'c --1, where r0 is the major the transverse motion of the gyrating particles grows
radius of the torus, c is the velocity of light, y is the rela- linearly with time [5], provided that nonlinear effects as-
tivistic factor, 00 is the normalized toroidal velocity, sociated with yO# are neglected. When such effects are

.eo= Ie1B6/mc, BO is the toroidal magnetic field on the taken into account, 0, is periodic and bounded.
minor axis, e and m are the charge and mass of the elec- As mentioned previously, in the presence of an ac-
tron, and I is the mode number of the resonance. The I celerating field and of a large vertical field error, P1 in-
mode of the cyclotron resonance occurs when the ratio of creases proportionally to the square root of time while
the toroidal field Boo to the vertical field B~o is approxi- rPe saturates, i.e., the electrons lock into a specific reso-
mately equal to 1. Since at equilbrium the ratio nance (lock-in regime). When the amplitude of 8B, is

47 2043 01993 The American Physical Society
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below the threshold, j6 exhibits Fremel behavior, i.e., Pi
grows quickly for approximately I lsec and then satu- " < Bz (r0,,6o)>/k= 38.5 G
rates until the beam reaches the next resonance. A

In the case of an axial field error and in the absence of 1"
acceleration, when the ring is initially at exact resonance, 0l 0.4

01 grows exponentially with time only for a very short d

period. Since p1 increases at the expense of 0#. the parti- L 0.2

cles are kicked of resonance and P, varies cyclicly with N
time. Similarly, in the presence of an accelerating field PL M 0
behaves as in the case of the vertical field error, i.e., I
below threshold it exhibits the Fresel behavior and - -0.2
above threshold the ring locks into the resonance. The d
same is also true during acceleration even in the absence -6 -0.4
of a vertical or toroidal field error, but in the presence of 1.°
stellarator fields of periodicity m, when the quasiequili- N -o.6
brium position of the ring is off the magnetic axis of the M
strong focusing system and the resonance mode is equal
to m. The results of the studies with axial field error will 0 100 200 300 400

be reported in a future publication. In the absence of a e (deg)
toroidal magnetic field, nonlinear effects associated with
the crossing of resonances in synchrotrons have been con- FIG. 1. Vertical field error per kiloampere of current in the
sidered previously by DePackh [6]. coils that geerate the betatron Aid, as a function of the

The preceding discussion is based on the assumption toroidalangee,at r--100cm, z-0.0cm.
that the space charge is low and the strong focusing field
is zero. In addition to introducing new characteristic tion of all the other modes, being far away from the reso-
modes, the strong focusing field makes the expression for nance, averages out to zero due to their fast oscillatory
the regular cyclotron mode more complicated [7]. How- behavior. Therefore the VF error will be expressed in
ever, it can be shown that for the parameters of the NRL terms of the particular I mode associated with the reso-
device and provided » >> 1, the strong focusing has only a nance under study, i.e.,
minor effect on the cyclotron resonance. This conclusion
is supported by extensive computer calculations. & -B,. =6B 0 o-0 - sin(l+e 0 ), (la)

This paper is organized as follows. The theoretical ro
model is formulated in Sec. 11. Section III A contains ex- , 1
amples of both the Fresnel and lock-in state from the ex- 8B,-WBo 1+K ,-- o sin(IO+0o), (lb)
act equations of motion. The slow equations of motion t
are derived in Sec. MI B, and the simplified slow equa-
tions of motion with linearized detuning factor are given TABLE I. Fourier decomposition of VF error. Actual values
in Sec. IIIC. The asymptotic behavior in the Fresnel and of the VF error at each I mode for B# -4650 G are lise
lock-in state as well as the appropriate initial conditions
to be used in the subsequent sections are presented in Sec. Fourier Fourier cos (Fourier sin (Fourier
IV, while Sec. V contains a discussion of possible ways to mode amplitude amplitude) amplitude)
cross a resonance without locking into it. Resonance dia- 1 108.2698 81.6151 71.1430
grams for nonzero initial perpendicular velocity are 2 1.2152 0.3749 1.1559
displayed in Sec. VI, and the multiple crossing of the 3 8.8142 -6.5489 5.S994
same resonance is demonstrated in Sec. VII. Finally, Sec. 4 0.9985 0.09O5 0.99"4
VIII contains the summary and conclusions. 5 1.0148 -0.3835 -0.9395

EL MODEL WITH A VERTICAL-FIE=LD ERROR 6 0.5915 -0.5915 0j=
7 0.3350 -0.0856 0.3238

Imperfections in the coils that generate the betatron 8 0.3188 0.084 -0.3063
field could result in a field error. A typical example is 9 0.3226 -0.2428 -0.2124
given in Fig. 1, which shows the VF error per. kiloampere 10 0.0759 0.0640 0.0407
of the current circulating in the coils as a function of the 11 0.1301 0.0668 -0.0970
toroidal angle, at r = 100 cm. This error is due to a small 12 0.0243 -00243 0.0000
straight section in each coil that generates the betatron 13 0.0373 0.0264 0.064
field in the vicinity of the power feeds. Table I provides 14 0U112 0.0068 -0j069
the Fourier decomposition of the error. The values are 15 0.0062 -0.0045 0.0042
the actual error amplitudes (in 0) for a toroidal field 16 0.0034 0.000 0.0033
Boo= 4650 G as each particular resonance is reached dur- 17 0.0010 -0.0010 -0.0002
ing acceleration. 18 0.0012 -0.0012 0.0000

Obviously, near a resonance, only the mode asso ted 19 0.0= -0.0002 00000

with that resonance is acting on the ring. The contribu- 20 0.00 0.0000 0j
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6B*=&8B 1-- cos(lO+Oo). (Ic) The quantity y09 can be expressed as
ro y 2 -1

In Eqs. (1), B, 0, 0, and K,o are the amplitude, the Jo(= (6)

phase, and the gradient in the radial direction of the I (I + p "2
mode and ro is the major radius around which the
analysis is carried out. It should be noticed that EqL. where r is the relativistic factor and its derivative with
(la)-(lc) satisfy Maxwell's equations to first order in respect to tisequalto
toroidal correlations.

The magnetic fields acting on the ring in the MBA are _1 (o, . roll, 1  -
the betatron, the toroidal, and the stellarator field. For roe (ryp$)2  ?7c02i'#
simplicity, the stellarator field is omitted in the present
analysis. At high energies its contribution to the -|- I+P) (7)
confinement of the ring is diminished and abundant com- p 2 1-+P
puter runs have shown that the main results presented
here are not altered in the presence of the stellarator field The accelerating electric field is given by
except for resonances I = km, where m is the field period =

of the stellarator and k = 1,2 .... In the analysis, the E 1=-o° ,
betatron field is approximated by

n;bI where BAo is the time derivative of the betatron deld at
B(b)= -- nB z_ (2a) rr. Using the rate of change of time that is given by

v -- :Ororro t'=(ro/lc.*)( 1 +P), it can be shown that

B'b) =B•o(I+P1 (2b) (

* where n is the field index andBo the field on the minor

axis. Similarly, the toroidal magnetic field is given by and

Bo=Beo.-, (3) Lo .-0  o(+P) (10)

where B 0 is the field at r=ro. In the equations given above f•, and fl, include both the
Since the VF error is a sinusoidal function of the betatron field and the VF error. Notice that Eq. (4) is a

toroidal angle 8, it is convenient to express the equations second-order nonlinear differential equation of the coin-
of motion in terms of the independent variable 8 rather plex quantity g. In terms of g, the position of the ring
than time. In their transformed state, the equations of centroid is given by Eqs. (5), while its normalized velocity
motion become components v,, v are

600 . ron , . ,.s++ for"+' e"'• I"•tl"-2" I+Pl P"/'+ifl'= 'e I+P]"•"(1

=i ro(f1,+ifl')(l p)2+l+p (4) Obviously, the exact set of nonlinear equations given
above is very complicated and difficult to handle. How-Y0* wpever, for a ring that has a bounce motion with a small

where the complex variable g=[(r-r0 )+iz]/r0 , amplitude, i.e., for small mismatch, and for large 1-mode
j=dg/dO, g* is the complex conjugate of g, and il is values, it is easy to show that near the resonance

the cyclotron frequency, i.e., fl=leIB/mc. The position I•=J1•1// and therefore IgI is much smaller than Iii1.
of the ring centroid is given by In this case, it is appropriate to linearize Eq. (4) with

r_______respect to g and g". Under such conditions, Eq. (4)
P= -- • = +g*) (Sa) simplifies tor0

1"+ib'+Kgm=f1 , (12)
(5b)

ro 2I where

f f +[-(l+ (• +")ib;( +'--(• • "'- (l--nc)(w+rr•"--+ ('r +W") fr'
* ~f,=A+

--K 2 ' +'C(4'+ ")-8C[ 1 +g+( 1 +K,0 )o ++'(g"+r*')4 ]sin(1e+ 0o),

1 I I l+r-1 , (13a)
(,Yo~l 7r2 -1
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(vD.0),c , (13b)

C 'P)j (13c)

6 C -,90 (13d)

2 (13.)

A-i-C, (130)

Kj=C-T'(1 3g)

K 2 =(1-n)C-j. (13h)

When the mismatch term A is smnall, then C m I and ID. DYNAMIC BEHAVIOR NEAR A RUONANCLa
K2ua -T'-n. Since the term K29 i f I Will be treated Us a FRUSNE. AND WOCK-IN RZGIMU
perturbation in the derivation of the show equations of
Motion, K 2 must be small. Therefore we assume that n is A. Nummerical raibben the exat oqpIkm
close to Tj. Also, since we consider only values of reruiermuenmrciitgaino h xc

Cl 0.2 beore the resonance is crossed, terms propor- euaonofotne.Eq() saoaneicrsd
tional to 1!12 ICI are omitted when compared to one. The dqurtions accelertion, iniae. tEq follasaowinge ouistnt be-

sipiidEq. (12) is complemented by the derivatives daviog thcerea is ia thrsodvle flowin the P erro ame.i
wit respect to 9 of y and rofllj/c, which are given by ___o.thr uvis a thrsodvle p f the VF u arveoit apli

the gyrating electrons increases by a certain amount as
~2 rthe resonance is crossed- and then it remains relatively

Y, OIA.0 I,1rIjia constant, MAWe the resonance has been crossed. P Above
(14. the threshold value, PL keeps increasing with time while

and T19 remains on the average, constant, and the resonance
and ia never crossed, i~e., the ring is locked into the reso-

12 
nance. A typical example Of this behavior is shown in

_~: ro tr~ Fig. 2 for the parameters listed in Table II. The thresh-

jc J 2 _I (4) old value of6B,0is between0.19 and 0.195 G. Figures
I- .0 70A2(a) and 2(c) show Pi versus time below and above threh-

old, while Figs. 2(b) and 2(d) show the corresponding yrp,
Results from the numerical integration of Eq. (12) and versus time.

the exact Eq. (4) are in very good agemnprovided It is rather difficult to Aind from the exact equations of
the initial values of IJI <0.30X 10-2 and 419'<0.2. motion the source of the dynamic behavior shown in Fig.
Therefore Eq. (12) will be used in the derivation of the 2. This behavior can be explained by the slow equations
slow equations by averaging out the fast cYck~tron oscil- of motion derived in Sec. III B.

latry otin.To deriv the slow eqbuatos Of Motion the instantane-

Fresnel Regime Lock-in Regime-

0.10 ^

2 FIG. 2. 01 and yfl. vs time obtained from
0 2 4 6 a 0 2 4 0 the mdequations of motionN. (4)1, in the

16.2 Froend and lock-in rgimes, and chase to the

e 18418.1 thresholdfor the paametersinTaW Lsl

18.01 (b) leao d)
0 2 4 6 a 0 2 4 6 8

Time (jssec) Time (Macc)
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TABLE U. Parameters of the runs shown in FWp 2-6.

Parameter value

Tons major radius 'o 100 cm
Toroidal magnetic kid Boo 2771 G
Vertical magnetic kied Ea 3050G
Field index n .
Rate of change of vertical kied Do 2 GPaaec
Resonance mode 1 9
Amplitude of VF error &D, 0.190,0.195 G
Constant phase of VF error t% 0.0
Gradient of VP error K, 0.0
Initial normalized toroidal momentum y.17.922
Initial normalized vertical velocity P± 0.0
Initial phase of vertical velocity ft 0.0
Initial radial displacement Pro 0.0 cm
Inkitia vertical displacement z 0.0 cm
Integration time tf 8 Ame

otis position of the particle g is decomposed into two and
components. The first is associated with the bounce
motion and the second with the cyclotron or fast motion, 4' = b - *i + ,_ S~ (16ib)

~~~~~~~~~i 44 +4. wee 4=bxPah), tis apparent from Eqs. (16) that it is pousbletoextract
9*r ep-i,) and vj, and v, are the two charac- the bounce and (slow) cyclotron motion in the rotating
teristic frequencies of the systemi. Specifically, Vb -v frame by inverting Eqs. (16). Specifically,

an v,= + where

The complx amplitudes 0,s and 0,,s) are in general, ____ (db
slnotl varying quantities, provided that the perturbation ,11s. VC (iV 4+!')ea0+0(1b

isntvery large. Since these two amplitudes vary slowly, C Ve -vb
the corresponding derivatives with respect to 9 are equal igrs3aan3b)hoteralndmgnryc -to f4=---Vb4, and 4Vep(( +O),provided piguens 3(as1,14) anf(~hwtera n mgnr on
that v, -= I The amplitude Y, is a slowly varying quanti- pet o *Pfor the parameters listed in Table II.
ty because C, has been expressed in a frame that rotates For these samne parameters the actual orbit in the r-z
with angular velocity k /r0 . As a consequence of plane, during the first 2 Iasec, is given in Fig. 4Wa, while
I ,)l< IVjI «1,' the position of the cyclotron mode is given Fig. 4(b) gives the bounce motion asscociated with the ac-
by g, -( l/iv', )V,1s~exp[ -i(l0+00 )]. tual orbit, as computed from Eq. (17a).

From the previous discussion, the complex position B . Slow equadmon of moedes
and its derivative 4' can be expressed as follows:

The method that is used in this section to obtain the
4=b-0 1 iv, )V,'1e '""' (16a) equations of motion of the slowly varying quantities asso-

Frezznel Regime Look-in Regime
0.2

0.08

0.1
0.04

0 FIG. 3. Normalized perpendicular velocity
ca. 0in velocity space and in the rotating frame (Eq.

(17b)] Obtained from the exact equations of
*-0.04 motion in the Fresnel and lock-in regimes (for

the same parameters as in Fig. 2).

(0.0 -0.2 (b)

-0.08 -0.04 0 0.04 0.0S 0.12 --0.24 -0.18 -0.0M 0 0.08

0O
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0.4 R0.J

0.2 0.15

0 FIG. 4. (a) Exact orbit and bo n
,.., motion orbit obtained from the exact aq-
N -0.2 .5io of mono. during the An• 2 aec, and for

.15 the pame ameters in Fig. 2 and 3.
(a) -0.30 (b)

-0.2 0 0.2 0.4 0.6 0.J 0 0.15 0.30 0.4: 0.0

r- r. (cm) r- ro (cm)

ciated with the cyclotron and bounce motions has been KIo=Co-Y, (19d)

devised by Bogoliubov and Mitropolsky (8] and is a per- '2a
turbation approach to the problem. Before this method I . 1 I (19+)
can be applied, the simplified Eq. (12) should be written (yP- ,- T- '
in a suitable form. For this purpose we express gC in
terms of the quantities ,V, as follows: In Eq. (19e), Vo is the zero order, slowly varying quan-

tity associated with V, [see Eq. (26a)]. In addition, v+ are
v1,a ,) defnitely slowly varying quantities, since they depend on

gbb.+ '' I V012.
•' -- •,•b+ •,(19b) The eqain of,,,otion of V, and g'b are

where V,-+i,+V,=- + + f + iv,- Vg ,

12 1/2 V+... if V+ V+

V±= ±0- +±0. o , (19a) (20a)

PAW)o +jvb - f+Sf+iv -b Z 1'
bo= IB.o¢'(19b) V+-V_ V

rol'° (19c) (20)

C° ( )OC' where

f=4o+,( I +Ao)(r+*')r-8Cosin((I6+eo), (21a)

6ffA--AO+ F- i(b-bo)+(A- Ao('+g')+ibC((+4+)- (-P.) '

8f= - ½+ 1- n0)("+ 1 ';) A(;' +TA I* -g -t)•K '•(+

-6C[f+( I +K,o)r* + (Ij+g.*')g]sin(lO+Oo)-(h C-6Co)5in(O+0o) • (21b)

=robn, 
(22b))

and bo,C 0 ,Kto have already been defned. 9b + i v_ -b Ef , (23b) 9
To implement the perturbation theory, we introduce

the parameter e, which indicates the relative smallnes of where
the various terms. In terms of e, Eqs. (20) can be written
as follows: V+

V,'+ilV"e[f,--i(v-I-)V, J, (23a) fl -- [f +61], (24.)
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fb [ +8+f I • (24b) where V0,go am the slowly varying quantities associated

V. +-v. with VC,,b, respectively. Then, the slowly varying quan-
tities A,, A 2, ... and B1 ,B 2 1.... are determined by in-

Assuming that the field error 8Bz<<Bzo, IA01 <<1, setting the equations above into Eqs. (23) and eliminating
and since I >> I V0 I and v+ m I, the right-hand side of Eqs. the terms that lead to secular terms for each order of the
(23) is at le•st of order•e. In addition, since Iv- I << t, the perturbation parametere.
term iv_9b in Eq. (23b) is of orderE . The terms that are The computation is carried out to second order in e

proportional to the derivatives of v•: have been omitted and it is tedious but straightforward and will not be given
because they are of higher order. here. To that order, the quantities V1, , are equal to

Furthermore, for high /-mode numbers 191 << Iil and
in light of Eqs (18), in terms of E, g and I can be written V + AI +I(l+A)[V12+iSce010
as follows: v+-v_ il 2 4

i Ig 9b + i Vc ( 25a) . _ 2 -2'(10+#0)V+--T(I Ao)V~e , (27a)

(25e . (2b) 91=ff i 1 C0 e +SCe
The perturbation method is applied on Eqs. (23) and (25) v+--v- 21

by setting 2

Vc = Voe +eVj(4o,.;,V 0, V,0)+ -' (26a) 21 2

b=40+ (4o,9, vVoVe0)+ " (26b) Also, to second order in e, the slow equations for Vo and
' gooare

V; =e--A I(go, go, Vo, V0* ) + e-2A 2 (90•', 9* o, Y• )-I + V•+i(V+ --1)Vo--f'(S) . (28a)

(26c) and
go' -=B I(go, go, Vo, Vos )+eB 2 (go, go, Vo, V0* ) + " - g0+iV-go=fb(') , (28b)

(26d) where

f" S)- v-v+ i 7{1 V0-vo 0V0+b 0o 0(g0+4o)V0- AO+ C v-(go--go)Vo (29a)

Co
-CO [o( !-IV'oI1)- •o1!+ o- •o11+.1 Vo2))]Vo

I Vi8co I+go+lS+KO,•)•+÷l,,_,IV01-V0- Vco
2 2 T i+1V 012  j

and

~~~~~~~~C1 JI++ V0
2 (bv + + V0 ) 0 - V12 +(A0 + I V0I12)C0

A0+ I 01-(oVto

6C0  +_A+0_I K lg V0+V 0 )+ ,0V B*- C 0-0 (29b)
2v+ 2  2 l+lV012 4(v+v~)+K'°v•--T'-°V°29

The quantities for Co and K2o are given in Eqs. (13e) and
and U13h) with 142 replaced by IVo 12 and C replaced by r1l'290 ;
Co. The slow Eqs. (28) and (29) should be complemented r I L .2 _ 11+ 1 31
by the derivatives of y and r0 flo/c. Keeping only the c I
zero order nonoscillatory parts in Eqs. (14a) and (14b), we
obtain Solutions of the slow equations are shown in Fig. 5 for

2 +(0 the same input parameters (see Table 11) used in the solu-
- g go. 30) tion of the exact Eq. (4). Figures 5(a) and 5(c) show the

y CJ 2 zero order 0 0°-(,os)oIVoJ/Ir versus time, below and
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Fresael Regime Lock-in Regime
0.10 1

0.2,

(0. (c) FIG. S. PL and yP# vs arne obtained from
0 2 4 6 S 0 2 4 the slow equations of msouion (Eqs. (28) and

M6IS (29)], in the Fresnel and lock-in regmes and
0 1.2' close to the threshold, for the parameters in
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above threshold, while Figs. 5(b) and 5(d) show the corre- from Eqs. (19e) and (34) that
sponding zero order (yo,)o versus time. Figure 6 shows (,yo,)o=[,yl-I-ro 1]1/2 (35)
the detuning factor w -=v, -- I and the real and imaginary
parts of (y,)oV00/y, below and above threshold. By A straightforward transformation of Eq. (33) from the
comparing Figs. 5 and 6 to Figs. 2 and 3 it is apparent Vo to the U0 variable leads to the slow equation for Uo,
that the slow equations predict accurately 01 and yr4, namely
when the initial perpendicular velocity is zero. Above o 1
threshold the detuning factor locks into the resonance, U .i V+--- CO Ao Uo=0o
with only a small variation around zero. A plot of go is 2v+2 (Y1 0  84
not given, since it is exactly the same as that in Fig. 4(b).
Obviously, the numerical integration of the slow equa- (36)
tions is much faster than that of the exact Eq. (4) or (12), where
since the oscillatory terms have been averaged out.

Bo 1 = olzo (37)
C. Slow equatkmtofmmodem 2 c

witb liasarized deftmult factor* Equation (36) indicates that the detuning factor

The slow equations of Sec. III B are still too lengthy to w = v+ -I should be redefined by adding to it the small
provide insight into the origin of the threshold behavior, correction term
When 6B01 Vo°I 1B.0<<l, the last term in Eq. (29b) can
be neglected and the equation for the bounce motionk CO 0  -L 2 W 2v+.
simplifies to the equation

i [ 11 0 Above threshold, the small correction term is important
0+av... i_ K1(bov-.÷Ao+iVo5)1 •o because it compensates for the small time-dependent con-

tribution of Ko in v+ [cf. Eq. (19a)]. If the small correc-

n_-C-0 IV 2 +21. o g tion term is omitted in either Eq. (36) or (33), then, above
+i-•1 o- IVol+2 Ao+lVol)•o threshold, the average value of (v'.e)o does not remain

constant but increases with 0. This is contrary to the

V_ solution of either Eqs. (28) and (29) or the exact Eq. (4) or
- (AO+ V', 2) (12).whr wWhen the mismatche' + 1l VoIJ'0 and the initial go is

where we have used the fact that I v- I << v+, and the re- also zero, then gom0 and the relativistic factor y is equal
lation v'v+ =--KIO. Equation (32) indicates that the to y = ro+y'O [cf. Eq. (30)], where yo and y' are the ini-
equilibrium position of the bounce motion is proportional tial values of y and the acceleration rate (assumed to be a
to the generalized mismatch A0+÷I Vo! 2. Without excep- constant, and given by Eq. (30) with go=0], respectively.
tion the computer runs have shown that during the cross- Assuming that y' 0 <<yo and IUo! 2-I V 2 «1, where
ing of the resonance the equilibrium position of the Uoo is the initial value of Uo, the detuning factor can be
bounce motion hardly changes when the gradient factor linearized with respect to y'O and I U0o12- I0) 12 , namely
K,0 =0. That is not the case when K,o00#0. Therefore, if
both the initial mismatch and the initial bounce position w=wo-aO+--[tUoI 2 -lUoo 12 ], (38)
go are zero, the latter quantity remains very small. Under
these conditions, the slow equation for Vo simplifies to where
the equation Coo[ 1 o I [U12

Co=V+°-l+- (39a)
V'+i v+-I+2--(Ao-_ IV012) Vow2v+ 0 2 (,)oe '

I1 2v+ 2 )1 0  oY

= . J .2' C a l 2o1 0"P (39b )
V0"L 1-÷TIVoi T+Vo) (33)

+(7 0A 1 ( 8V ')1 (39c)

where terms proportional to A&, IVa', and A01 Vo12 or (700) 0
higher have been omitted. boo

To simplify further Eq. (33), it is convenient to intro- bo2

duce the quantity U0 by means of the relation V+,.=-~- 1+ , / (39d)

U0  2 IIboo J+
(IVO®f =yo 11- - el]/ (34) e2)

Since, to zero order, Vo is equal to (YP.6= 0 (39)

((/,+i0,)//e]exp[i(le+eo)], U0 is, to the same order, and V+oboovcoAoo, g~o are the initial values of
equal to r(P,+iO1 )exp[i(10+ 0o)], and it is easy to show v+,bo,co,AoKj0 , respectively. The dependence of K10
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0.08 It is interesting to examine the case when there is no
acceleration (W=0), the particles are at exact resonance

I(w 0 -----0) and the initial perpendicular velocity is zero
0.04 (1/ \(I U2 =0). Then Eq. (40) becomes

/ \ !'V (a) U;+iOJIZU2Uo=-iBo (41)
0 . and it can be solved exactly. For that purpose, deine0 2 4 6 A=IUo12. Theneparating the real and imginary parts |

1816Aof Eq.(41), it iseasy to show that
18.1 Uo =_ -2 R

S1:.14 Ui ='-- l-L-A', (42b)

I N (b) I2Bo
.20 2 4 6 and from the definition of A it follows that

Time (Asec) A' A 4B2- 82 A3 1/2(43)

FIG. 7. Pl and yO# vs time obtained from the slow equations I 1 1 6  i
of motion without acceleration, for the parameters in Table M. The exact solution of this diferential equation is

12 A dx
on 0 and on (r#S,)o has been neglected, since v+ is weakly fo, [x( 1-x )(x 2+x +1 )]1.2 = 2BoO, (44)
dependent on K10  when b 0 'l>>l. Also, since
Ao U-+iUolIV/(roP)0 Co.nl, and 8-i/(rp,)& the wheren.=(8/8Bo)"/3. Theintegralcanalsobeexpressed
small correction term that is added to the detuning factor in terms of the elliptic integral of the first kind [9)
in Eq. (36) provides such a small contribution to 6, of or- F(q, k), i.e.,
der 1/1,2, that it has been neglected. Therefore the Slow 1 _flX2A 1/
equation for U0 with linearized detuning factor is F 2 arcot it 2 4  ' 2 A"3

U;+i[wo-ae+-•(IU 0 I2 -IUoo1 2 )3Uo=-iBo. 
(43)LO

(40) For very small or very large values of the argument of the

This equation predicts the same temporal behavior for arccot, the approximate solution is

fl and rP, as the original slow Eqs. (28) and (29). The 18B 11 tan2ite
cause of this behavior is the nonlinear term proportional A -(ro ( )2= 1J V•+12/3,, (46)
to IUol2 -IUoo 2 (it will be shown shortly that when 8
8= 0, the solution is the Fresnel integral, which is bound- where u-=-31"4X.Bo. The solution of Eq. (43) is bounded.
ed). We conclude that the existence of the Fresnel and When O <<1, A =(BoO)2 and 01 is proportional to 6,
lock-in regimes in the exact Eq. (4) or in Eq. (12) is due to which is the usual linear secular solution. But the non-
the dependence of the term roflo/lylc upon r,00 and the linear dependence of rOe on D. forces the solution to be
fact that y'0o depends nonlinearly on the perpendicular bounded. Figure 7 shows P. and yfi versus time for the
velocity. parameters listed in Table M, by integrating either the

TABLE III. Parameters of the run shown in Fig. 7.

Parameter Value

Torus major radius ro 100 cm
Toroidal magnetic field Bw 2771 G
Initial generalized mismatch A0+0.slVo 1o 0.0
Field index n 0.5
Rate of change of vertical field BO 0.0 G/Asec
Resonance mode 1 9
Amplitude of VF error 6B.. 0.3 G
Constant phase of VF error 0o 0.0
Gradient of VP error KO 0.0
Initial normalized toroidal momentum y,# 18.1753
Initial normalized vertical velocity P, 0.0
Initial phase of vertical velocity VO 0.0
Initial normalized radial bounce displacement .• 0.0
Initial normalized vertical bounce displacement t 0.0
Integration time tf 8 9 ec
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slow Eq. (40) or (36), or Eqs. (28) and (29). Integration of initial condition of Eq. (50), and also of Eq. (40), by
the exact Eq. (4) for the same parameters also gives iden- means of the initial variable OWo, i.e.,
tical results. The peak value of P. and the period w B0
(ir/l)ro/c as computed from the approximate Eq. (46) Uo0= ewe i 0 -- , (51)
are 0.0757 and 1.247 psec, respectively, in good agree- Wo
ment with Fig. 7. where 0o--(812a./)-!0o and 6. is the value in Eq.

In conclusion, our analysis indicates that there is a
completely different behavior near a resonance with or (47) around which the detuning factor is linearized. Then

without acceleration. Even at exact resonance, fi is al- Eq. (50) becomes

ways bounded without acceleration, but it is unbounded Uo 1e0200 B
with acceleration and in the presence of a large field er- U0 [ = e(" e (52)
ror.

and is independent of -"o, but it does depend on the initial
IV. ASYMPTOTIC BEHAVIOR phase of 17o. Equation (52) indicates that as 0 tends to

IN THE FRSNEL AND LOCK-IN REGIMS minus infnity, II U0 II 1[0021 tends to zero. Therefore

In order to study the aiymptotic behavior of Eq. (40), it 10oi is the appropriate constant around which the de-
is convenient to transform it into dimensionless form. tuning factor should be linearized, and wo,a,6 become
For this purpose, when a>0, we introduce the quantities functions of U0o (and not of U00). Because JU0o tends to
cra-=-v'a, cao=Wov=a, t-/(8/20 ' 2 )'/1B0 , and I No I as 0- - co we shall call Ow the asymptotic initial
0

0 =(8/2a'/2)U0 . value of U0. When 0>>I (or Iwl /va>>l), the asymp-
Then, Eq. (40) becomes totic value of I U0 I is

d_00 -aa j02_j0j]0_t (47 Uoj- jV.o-iBo•r~(l1+i)j (53)

"da Therefore, when U(00)0, the final value of I (Uo could

where to( is not equal to the initial value of 0 o and will be smaller than its asymptotic initial value 1I00 I. When

be defined shortly. Let I't be the threshold value of t 0Yc.-0, the asymptotic value of P1 is

When t«<<t, i.e., when B'o/(2a3 /l) <<«t, the change B0
in to associated with the crossing of the resonance is 01(0>>1)= 2-2•la ,o+y,, (54)
small, i.e., lIt ol2- I 6~i2i «<1, and Eq. (47) simplifies to

where Iy'01 <<«To. Since the width of the Fresnel integral
d 0  o (48) is A-=-2 , we conclude that the time At it takes for
da the resonance to be crossed is

The crossing of the resonance occurs at o--o, i.e., at &
e0 =wo/a. The solution of this equation is At- ic /a"

o__ /2Xva,[0°e-1/2)020 Therefore the final P, and At are inversely proportional
t=e 60 0oei to the square root of the acceleration rate in the Fresnel

regime, provided t<< aw Figure 8 shows O)and (8)o

1 versus time for the parameters of Table II, except that
-- if _ e-i /2l°'2d'" , (49) 8Bo=0.1 G, i.e., far away from the threshold. Notice

"I I the smooth variation of 0o•) during the first microsecond

i.e., the particular solution can be written in terms of the and compare to the oscillatory behavior that occurs in
Fresnel integral. When o0>> 1, the asymptotic expres- Fig. 5(a). The difference is due to the choice of the initial

sion of the Fresnel integral leads to the approximate solu- condition. In Fig. 8(a), E7o--=0, while in Fig. 5(a),
tion U00--0. When w >0 and Iw/I/Va>> l, i.e., well before

the resonance crossing, the asymptotic value of U0 , as

Uo-'"''e iU O1 + 0 given by Eq. (52), is

B0O O w/,- -i1/2 U0 _E700eiaha12/'_ B0  (56)- "-i f e -" •dg- (50) w

When 0oo=0, we have IUoI=-Bo/IwI, which explains
where the solution has been transformed to the original the smooth variation of 0o) in Fig. 8(a).
variables and w = wo -aO. U0 is very sensitive to the We have shown above that if the initial condition,
phase w2/2a, when Uoo+B 0 /w 0 *-0. Since a<<l, a given by Eq. (51), is chen the solution of Eq. (40),inei-

small change in the initial time interval roa-(ro/c)Wo/a ther the Fresnel or the lock-in regime, is independent of
from the resonance [e.g., a small change in the initial the initial time interval ro from the resonance, when
value of (Tro)o] will cause a very different behavior of we/Va» >> 1. This is no longer true if the initial condi-
I U0I versus time. To alleviate this problem, we define the tion given by Eq. (51) is chosen for the solution of Eq.
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0.03 then Eq. (59a) becomes
- 0.02 UO-C•ooeil +(a2/a')w°-(2/3)}l'w2/2. BOw (63)

0.01 Notice that Uo depends on wo and, therefore, on ro.
(a) However, if a2 wo/a 2 << 1, then the dependence is weak

0 2 4 6 and the solution of Eq. (36) with the initial condition
given by Eq. (62) is also weakly dependent on ro. Equa-

18.8 tion (63) indicates that as 0 tends to minus infinity,
11Uo 12-1IOo1 21 tends to zero, and, therefore, C0 is the

Qe 18.4 appropriate parameter around which the detuning factor
should be expanded. Also, wo,axa,6 are functions of

18.0 (b) 0oo. As before, we call 0-0 the asymptotic initial value
1 ... . ... 0 of Uo. From this point on, the solutions of Eqs. (28) and

0 2 4 6 8 (29) are obtained using the initial condition computed
Time (Asec) from Eq. (62). If such an approach is not followed, each

small change in the initial parameters, e.g., (r#)oo, BS,
FIG. 8. #1 and yp, vs time from the slow equations of motion etc., would produce a different U0 which could be either

in the Fresnel regime far away from the threshold, i.e., for the in the Fresnel or the lock-in regime, to the extent that
parameters of Table 1I, except that 6B=0. 1 G [the initial con- one might get the impression that the behavior is ran-
:ition is given by Eq. (51), with 00o =O]. dom.

An analytic expression of 01o' on 0, above threshold,
(36), which has a nonlinear detuning factor w. The non- can be easily obtained assuming that (yPe)o remains al-
linear dependence of w on 0 causes the solution to depend most constant. This assumption is justified by the numer-
on r 0. To second order in 0, the detuning factor is given ical solution of either Eqs. (28) and (29) or Eq. (36). Re-
by sults are shown in Fig. 9(b) for the same parameters listed

in Table II, except that 8B.o=0.4 G. In contrast to the
w2=wo-a0++a28 2-I-+-[IUoI2-I 0o12], (5) solutions of Eqs. (28) and (29) or Eq. (36), Eq. (40) pre-

where wo,a,6 have already been defined, COO will be dicts that (ry/e)o initially behaves in the same manner, but

redefined shortly, and gradually increases as 0 (or time) increases to very large
values. The exact Eq. (4) or (12) gives also an average

e)2oo1 r'oT_ ' rfle that varies as in Fig. 9(b). Since VO, remains con-
a2 --- 3 2 ( a.)2 (58) stant, on the average, after the resonance has been

rYO 00' reached, we conclude that

When w IVa>> 1, i.e., well before the resonance cross- -_

ing, the term proportional to 6 can be neglected in Eq. (r0+Y'e)2  I--Uo[ 2 -const. (64)
(57), and the asymptotic solution of Eq. (40) is If the initial value U00--=0, then at 8=60 --wo/a, we have

L 0 JL.1 0  0  IU01 =0 and yr=r +,r'00, and Eq. (64) leads, to zero or-
U'o-.-expj-if'w dBfU00+ j ,, (59a)

where 0.4

w=wo-a0+iLa 20
2  (59b) S

S- 0.2
Inverting Eq. (59b), we get (since a 20

2 << 1) (a)

W-W 0  a2  0
"a 22, (60) 0 5 10 15 20

and, therefore, -- 'S"8 I S /•vVwVVVWv
8.0

a2 12
09 + 2 O 1 2 + 18.D1

fo iw a2o 18.02(61) 17.94 (b)

0 5 10 15 20
Instead of Eq. (51), where a 2 -0, if we redefine the initial Time (/zsec)
condition by the relation

1 O+a Wo/6a2)w;/2a B0  FIG. 9. Asymptotic behavior of Pi and rO. above the thresh-
--U, Ue 2  0  

, (62) old (lock-in regime) for the parameters of Table IU, except that
w0 BB,4 -=0.4 G.
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der in j8, to the expression 0 ..........

2 22' (o0- 0 ) (65) A'* Rt

1+ o- (G/4sec) .,r -o -o

When y'0<<' yo, is proportional to the square root of
time, which is demonstrated in Fig. 9(a) and also 81 is -200
proportional to the square root of the acceleration rate

*" y'. In contrast, below threshold, it has been shown that
8± is inversely proportional to the square root of r'.

Freenel Regime

V. DYNAMIC STABILIZATION 
-300

AND THREHOLD LAW

There are at least three possible ways to cross a cyclo-
tron resonance without locking into it: (a) by reducing or -400' .... 1.... 02 .... 0... 0. .
eliminating the field errors, (b) by accelerating fast 3 0.4 0.5
through the resonance, and (c) by adding a small time- 8Bzo (G)
dependent toroidal field that provides dynamic stabiliza- FIG. 10. Threshold law in the presence of a stabilizing time.
tion. In effect, it will be shown that the dynamic stabili- dependent toroidal magnetic field, i.e., 6B#=&B&sin(2rt/")
zation is equivalent to increasing the acceleration rate. and zero initial perpendicnlar velocity (Vm =0).
The effectiveness of the second stabilizing mechanism is
discussed at the end of this section. Here, we analyze the
effectiveness of the stabilizing toroidal field, which is as- rate, the larger becomes the threshold value. Therefore a
sumed to be sinusoidal with amplitude obr, and period i small time-dependent toroidal field with negative time
which is much larger than the time At is takes to cross derivative does provide dynamic stabilization.
the resonance. The total toroidal field is described by The threshold law is obtained by determining numeri-

cally the threshold value of t in the dimensionless Eq.
2 v(t -td) (47) in the special case when 6. =0. Then the threshold

B(t)Bo+8B sin law is expressed by the relation

where td is the time delay. Inserting Eq. (66) intc Eqs 8 B2 = (69)
(13b) and (19b) [with the initial value BOn(O)'in boo] and 2a 3/2  th-t 1.36.
linearizing the detuning factor in Eq. (36), the parameters Figure 10 gives the threshold values of 8B. as a function
a, a2 become of 8B60 for different acceleration rates, when BO-=2771

0, = G 50 psec, and 1=9. The beneficial effect of a large
a=v+0 0 (-0K )O 2 ,II (67a) acceleration rate or a small time-dependent toroidal field

becomes obvious from this figure. Each line in the figure

('rPA)O] r080.0 . I2mrt separates the Fresnel from the lock-in regimes for each
a 2 = 3 AO'+( 8,Ke5o 1 2 7J , different value of the acceleration rate.

(67b) VL DYNAMIC BEHAVIOR
where WITH INITIAL PERPENDICULAR VELOCITY

roY' When the asymptotic initial value of U0 is not zero, the
(0  )2 , (68a) display of the dynamic behavior close to the resonance
(TOAD becomes more difficult, because the dynamics depend on

21r ro Yo the initial phase as well as on the initial amplitude of 0 0.
r ° T c (YPe)00' (68b) The results are conveniently presented as contour plots

(i.e., the resonance diagrams) of the final 8-- UoI/y in
and wo,8,v+l are given by Eqs. (39a), (39c), and (39d). the OL°)(0),qo plane, where 00)(0) and q0 are the ampli-

The expansion of the detuning factor in Eq. (36) is done tude and phase of the asymptotic initial value 000/70.
around F00 and not around the initial value U00 , so that The rest of the parameters, including the interval of in-
all the parameters given above depend on E7o. For sim- tegration over 0 or time, are kept constant. Since the
plicity, let us assume that td =0. If the toroidal field de- final 8. becomes large in the lock-in regime while it is
creases as the resonance is being crossed, i.e., if 8BO0 < 0, bounded in the Fresnel regime, the contours are very
then according to Eq. (67a) a becomes larger. This is dense at the boundary between the two regions.
equivalent to replacing y' in a with a larger effective Figure 11 shows the two regimes for the parameters
value. It is shown shortly that the larger the acceleration listed in Table IV. Although the results shown in Fig. 110I
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TABLE IV. Parameters of the run shown in Figs. 11 and 12.

Parameter Value

Torus major radius ro 100 cm
Toroidal magnetic field Boo 2771 G
Initial generalized mismatch Ao+0.Sl v012  0.0
Field index n 0.5
Rate of change of vertical field h, 2,4 G/lsec
Resonance mode 1 9
Amplitude of VF error 6Bo 0.195,0.3 G
Constant phase of VF error 80 0.0
Gradient of VF error K,o 0.0
Amplitude of stabilizing toroidal field bBEo 0,-200 G
Period of stabilizing toroidal field r 70 Oaso
Time delay of stabilizing toroidal field td 0.0 Asec
Initial normalized toroidal momentum yrP 17.922
Initial normalized radial bounce displacement 4;u 0.0,0.003,-0.003
Initial normalized vertical bounce displacement go 0.0
Integration time t, 8 pam

have been obtained by integrating Eqs. (28) and (29), Eq. initial phase angles as shown in Fig. 1 (b). By turning on
(36) or (40) gives the same results, provided that there is the stabilizing field, the Fresnel region increases at the ex-
negligible bounce motion. In Fig. 11 (a), 8B.o has been pense of the lock-in region. Results are shown in Fig.
chosen equal to 0.195 G, which is very close to the ll(c)forSBo0=.195Gand6Beoi--200G. Thisfigure
threshold value when 0°)(0). By increasing the field er- should be compared with Fig. 11(a) that has the same
ror amplitude from 0.195 to 0.3 G, the lock-in regime field error amplitude but not stabilizing field. Fially, in
dominates for small initial Pi0)(0) for the entire range of Fig. 11(d) the acceleration rate has been increased from

0.18 W" 0.18'

o--ReimO.
0.12:0.12

0.06 \ 0.06
Regime\~

0 0
0 100 200 300 0 100 200 300

0.12 --- gie o0.12

0.06 Lock-i
Regime 0.06 *b

0 ... ..... ...... , 0p
0

0 100 200 300 0 100 200 300

9 (deg) 'PO (deg)

FIG. 11. Resonance diagrams, i.e., contour plots of the final Pi, when the initial amplitude and phase of the normalized perpendic-
ular velocity 0®/,ro are not zero, for the parameters in Table IV, and in (a) 8Bo=0. 195 0, 8Be0=0.0 G, Bo-2 G/paec; (b)
8Bo=0.3 0, 8BOo=0.0, Bho=2 G/psec; (c) 8B0=0.195 0, 8B9o=-200 G, r-=70 psec, Bho2 G/psec; (d) 8B,•o=0.195 G,
6B~O =0.0 G, Bo=4 0/msec.
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hBo=2 to 4 G/gsec, while 8B,0=. 195 G and 8B@, =0. [0_ 1W~2 I
Again, comparison of Fig. 11(d) with Fig. 11(a) shows (v-.--2b°d) e2 ( Ilpog 1K1
that the Fresnel region has increased at the expense of I
the lock-in region. When the electrons in the ring are should be added to the detuning factor in Eq. (36), and,
uniformly distributed over the initial phase angle, the res- therefore, the term (v-0 -2bw4wM. 10 should be added to
onance diagrams give, for each initial O°j)(0), the percen- wo in Eq. (39a), where v-o is the initial value of the
tage of the ring that crosses the resonance and the per- bounce frequency.
centage that locks into it. When there is a small bounce motion superimposed to

In all the results presented so far, the equilibrium posi the cyclotron motion there is a modest change of the res-
tion of the bounce motion was located at the origin of the onance diagr=ms. This becomes apparent by comparing
coordinate system [i.e., Aw+I1000 2 /2(,rP8)•0=0J and Fig. 11(a) with Fig. 12. These figures have been obtained
the amplitude of the bounce motion was selected from Eqs. (28) and (29) with the same ptrameters, except
negligibly small (since the initial 40-0). If the equi- for the initial bounce position. In Fig. l1(a), the initial
librium position is chosen off the origin [i.e., position of the bounce motion is at the origin, while in

w++10o 1 2/2(yfl0)100 ], and the amplitude of the Fig. 12(a), it is at (0.30 cm, 0.0 cm) and in Fig. 12(b) it is
bounce motion is negligibly small, by judicially choosing at (-0. 30 cm, 0.0 cm). In the latter two cases, the ampli-
goo, the resonance diagrams remain the same for the same tude of the bounce motion is 0.30 cm.
set of parameters. When am+ JUooI2/2(Yo)w20, and
in the special case of a field index n = 1, the parameters VI M CROSSING OF A RESONANCE
y' and roIc in Eqs. (68a) and (68b) should be replaced by
(1 +A1 0)y' and (1 +A10)r 0 /c, respectively, where When a small toroidal field with sinusoidal time depen-
alo--=[Ao+IUO 2/2(ry B,)0o]/Kioo. Also, the initial dence is added to the main toroidal field BOD, the detun-
bounce position must be equal to gm=A4o, to have ing factor may become zero more than once, as time
bounce motion with negligible amplitude. Finally, the evolves, for the same resonance niode L This is defined as
term a multiple crossing of the res.;m- a mode L Results are

shown in Fig. 13. These resi- - 've been obtained from
Eqs. (28) and (29) for the param,;',rs listed in Table V and
SB -=0.35 G. Figure 13(a) shows that the detuning fac-

0.18 -"--unei. tor w becomes zero five times and a Fresnel jump occurs
46 Regi•m, each time the resonance mode I is crossed. It is not

0 -necessary that all the crossings have a Fresnel jump. A
0.12 Re "e lock into the resonance could occur at some crossing if
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FIG. 12. Resonance diagram for the same parameters as in

Fig. lI(a), except that the radius of the bounce motion is 0.3 cm FIG. 13. v,-l, y$o, and , vs time during a multiple cross-
in both (a) and in (b) and in (a) the initial position of the bounce ing of the resonance i - 8, obtained from the slow equations of
motion, i.e., g,0(0.3 cm, 0.0 cm); in (b) o-( -0.3 cm, 0.0 motion Eqls. (28) and (29)], for the parameters of Table V, and
cm). 6Boo0.35 G.



9
2058 D. DIALETIS, S. J. MARSH, AND C. A. KAPETANAKOS 47

TABLE V. Parameters of the run shown in FiS. 7.

Parameter Value

Toms major radius ro 100 cm
Toroidal magnetic field Boo 2771 G
Initial generalized mismatch Ao 0.0
Field index n 0.5
Rate of change of vertical field BA 0.8 G/isec
Resonance mode 1 8
Amplitude of VF error 8BO 0.35,1.0 G
Contant phase of.VF error 00 0.0
Gradient of VF error KO 0.0
Amplitude of stabilizing toroidal field SBO0 -200 G
Period of stabilizing toroidal field - 20 #sec
Time delay of stabilizing toroidal field ti 0.0 Ye
Initial normalized toroidal momentum yp@ 19.875
Initial normalized vertical velocity 3 0.0
Initial phase of vertical velocity 4Fo 0.0
Initial normalized radial bounce displacement go, 0.0
Initial normalized vertical bounce displacement go, 0.0
Integration time t 80 psec

the asymptotic initial velocity is in the lock-in regime of ing occurs at 1 psec and the ring locks into the resonance
the resonance diagram. As a rule, the detuning factor up to approximately 10 msec. As long as it remains
follows the time-dependent toroidal field. Figure 13(b) locked, w -0, while rPe follows the time varying toroidal
shows that when all the crossings are in the Fresnel re- field [Fig. 14(b)]. Figure 14(c) shows that just before 10
gime, y,6 follows y between crossings, while Fig. 13(c) psec, P. decreases to zero, while yP6 increases at a faster
shows that there are five Fresnel jumps in y. In contrast, rate than r. Since at this time
when the ring locks into the resonance, then rfe follows .(rpI.)2 =•r2-l-(ry#6) 2 -0, a continuously rising y~,
the time-dependent toroidal field while w remains very would require a negative (rp) 2 , which is an unphysical
small This is shown in Fig. 14, obtained by integrating situation. Thus the ring unlocks from the resonance.
Eqs. (28) and (29), for the parameters listed in Table V The same cycle is repeated up to 45 aec, when 0 1, due to
and 8Bo- 1.0 G. According to Fig. 14(a) the first cross-

0.6
0.50 0

0.25 C. -0.6
•L )-1.2 (a)

0 0 20 40 60 80
0 20 40 60 80 24

21~ (b) 22<• 21 •

S20 \ rV20 b)

19 0 20 40 60 80
0 20 40 60 80

0.6 0.10

0.4 - 0.05

0.: (c) 0
0 0 20 40 60 80o 20 40 60 so Time (Atsec)

Time (,,sec)
FIG. 15. v,-1, y~s, and Pi v time during a multiple crow-

FIG. 14. v,-1, re and 01 vs time during a multiple cros- ing of the same resonance I-=-8, under the same condition as in
ing of the resonance I= 8 under the same conditions as in Fig. Fig. 13, but obtained by integrating the exact equations of
13, except that 8B,0-= 1.0 G. motion (Eq. (4)].
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the rise of its average value, cannot become iero. After provides an effective increment to the acceleration rate, if
this time, AP. remains locked to the sinusoidal variation it has a negative time derivative, and, therefore, increases
of the field, while w remains almost zero. Therefore the the threshold. When the initial perpendicular velocity is
next resonance mode I + I is never reached, in spite of not zero, the dynamic behavior has been presented by
the fact that y keeps increasing. The energy is means of the resonance diagrams. These diagrams pre-
transferred to yP1 rather than y0-. The exact Eq. (4) or dict that a small bounce motion has only a modest effect
(5) or the nonlinear slow Eq. (36), give identical results to on the Fresnel and lock-in regimes. Finally, the multiple
those obtained from Eqs. (28) and (29) which are shown crossing of the same resonance has been analyzed in the
in Fig. 14. However, this is not the case with Fig. 13. presence of dynamic stabilization and we have concluded
Results from the integration of the exact Eq. (4) for the that for long periods of time the exact equations of
parameters listed in Table V and 8B..--'0. 35 G are shown motion should be used.
in Fig. 15. The detuning factor and rP# in Fig. 15(a) and Following the successful demonstration of acceleration
15(b) are very similar to the results shown in Figs. 13(a) in the NRL device, a concerted effort was made to locate
and 13(b). However, the transverse velocity in Fig. 15(c) and eliminate or reduce the various field disturbances
is similar to that of Fig. 13(c) until the third crossing that may excite the cyclotron resonance. Reduction in

occurs at 19 usec. The difference is due to the fact that many of these field errors, together with the operation of
the slow Eqs. (28) and (29) are approximate, and the higher toroidal and strong focusing fields led to beam en-
phase of 01 computed from the exact and the slow equa- ergies in excess of 20 MeV, while the trapped current was

tions becomes gradually different for long times. There- above I kA.
fore, for long times, when many resonances are to be In addition, three different cyclotron resonance stabili-

crossed or multiple crossing occurs, the exact Eq. (4) zation techniques were tested in the NRL modified batat-
should be used. The slow equations provide a valuable ron: enhancement of the acceleration rate, dynamic sta-

insight in the dynamic behavior close to a particular reso- bilization or tune jumping, and avoidance of the reso-
nance, but are not reliable over long periods of time. nance.

The damage done to the beam at each resonance de-
VIIL SUMMARY AND CONCLUSIONS pends on the speed with which the resonance is crossed.

By enhancing the acceleration rate the resonance is
Magnetic-field errors excite resonances that the elec- crossed faster and thus the damage inflicted to the beam

tron ring must cross during acceleration. In the presence is reduced. To achieve higher acceleration rate, the verti-
4 of a VF error, there is a threshold value of the field error cal field coils were divided into two halves with midplane

amplitude that separates two distinct regimes. Below symmetry and powered in parallel. The experimental re-
threshold (Fresnel regime) and for zero initial 100, the sults show a striking reduction of the beam losses at
perpendicular velocity increases by a finite amount as the I -12, 11, and 10, when the acceleration rate increased
resonance is crossed. The increase as well as the time it from 0.69 to 1.93 G/Msec.
takes to cross the resonance are inversely proportional to The crossing of the resonance can be also speeded up
the square root of the acceleration rate. Above threshold by modulating the toroidal magnetic field with a rapidly
(lock-in regime), the perpendicular velocity is proportion- varying ripple. This is the dynamic stabilization or tune
al to the square root of the acceleration rate and increases jumping technique and requires a carefully tailored pulse
with the square root of time, while yr69 remains on the to be effective over many resonances. These results have
average constant, and the detuning factor remains ex- been reported (10] previously and in general they are in
tremely small. Therefore the ring locks into the reso- agreement with the predictions of Sec. V and extensive
nance. The dynamic behavior without acceleration is en- computer calculations.
tirely different even at exact resonance. The perpendicu- It is apparent from the resonance condition that when
lar velocity is proportional to time initially, but, due to Beo/B.o:-const:/integer, the cyclotron resonance is not
the nonlinearities in the equations of motion, it reaches a excited. To test this prediction, a linearly rising toroidal
maximum, then it decreases to zero and repeats periodi- field ramp ABe was superimposed on the main toroidal
'ally the same cycle. Therefore it is bounded. field. During the rise time of the ramp (- 100 Asec), the

The threshold is predicted by the slow equations of ratio Boo- +ABo/Bzocconst*integer. The experimental
motion that have been derived by averaging out the fast results indicate that during this time period the beam
cyclotron motion. The origin is the nonlinear depen- losses are completely suppressed. Although very power-
dence of yrP on the perpendicular velocity and the fact ful, the resonance avoidance technique by keeping the ra-
that the cyclotron frequency is inversely proportional to tio Boo /Bo=const¥*integer is not practical because to

P0.. By the appropriate choice of the initial conditions it be effective over the entire spectrum of 1 requires very
was shown that the solutions of the slow or the exact high toroidal field. Among the three stabilization tech-
equations of motion could be made weakly dependent on niques tested, acceleration of the beam at a higher ac-
the initial time interval from the resonance. Possible celeration rate appears to have the highest practical po-
ways to increase the threshold have been discussed. It tential.
has been shown, that the threshold value of the VF error ACKNOWLEDGMENT
amplitude is proportional to the 2 power of the accelera-
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ABSTRACT
Since the previously reported successful demonstration of acceleration of electrons to

- 12 MeV, higher trapped beam current and longer beam lifetime have been obtained. The
improved confinement has led to a higher peak energy - 18 MeV, and is the result of in-
creasing the strong focusing and toroidal magnetic fields, reducing magnetic field errors, and
optimizing the betatron flux condition. Modifications to the electromagnet buswork are in
progress to further reduce field errors, and a fast pulsed magnet system to provide dynamic
stabilization of the the cyclotron resonances is being studied.

1. INTRODUCTION
The Modified Betatron Accelerator is a compact (major radius=1 in), cyclic, high current

electron accelerator which is of interest for several civilian and military applications. The
device uses a toroidal magnetic field Bs and a strong-focusing, quadrupole stellarator field
B., as well as the weak focusing conventional betatron field B, to confine a ring of electrons.
The electrons are injected with an initial energy of 0.6-0.7 MeV and are accelerated to peak -
energy = 18 MeV. Ring currents of - 1.5 kA are trapped near the minor axis following
injection. The experimental observations indicate that the ring lifetime is apparently limited
by the excitation of the cyclotron orbital resonances. Mesurements of x-rays emitted when
electrons'strike the wall of the vacuum chamber show that electrons are lost from the ring
for specific values of the ratio of the magnetic fields B,/Be. The measured amplitude of the -
magnetic field associated with the circulating electromagnetic modes inside the torus reveal
that these modes are several orders of magnitude too weak to excite the cyclotron instability2

or the parametric instability3 and therefore, cause the electron loss. Measurements of x-rays
emitted when the electrons striMY "he beam injector that protrudes into the chamber, %a
observations of the 'single part...e', classical synchrotron radiation4 suggest that electrc 9
move away from the minor axis during the latter part of the acceleration.

In this paper, efforts to improve confinement and extend the beam lifetime to higher
energy are reported. The steps taken include the following measures. The B.! and Be
magnetic fields have been increased. The higher B.1 reduces the sensitivity of the beam
centroid and individual particles to a mismatch of B. and the particle energy, and the higher 0
B# provides better confinemet of the beam minor radius. Also field errors that may excite the
cyclotron resonance have been reduced. The alignment of the vacuum chamber and magnetic
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field coils has been improved substantially, and the stray fields associated with the bumwork
feeding currents to the betatron field coils have been analyzed and are being corrected. In
addition, a concept to dynamically stabilize the cyclotron resonances is being studied.

2. THE EXPERIMENTAL APPARATUS

A plan view and elevation of the modified betatron are shown in Figs. 1 and 2. The
applied magnetic fields, Bs, Be, and B. 1 , are generated by three sets of pulsed electromagnet
coils. The B, and B* coils are supported by a structure made of polyester/fiberglas composite
and stainless steel, and is nearly magnetically transparent. The B.1 coils are mounted on the
toroidal vacuum chamber which is made of graphite/epoxy and fiberglas/epoxy composite.
The beam is generated by a field emission diode that is located inside the vacuum chamber.
Power for the coils is provided by capacitor discharge. The risetimes are 2.5 ms, 1.0 ms, and
2.4 ms for the B., B.f, and Be fields, respectively.

The B. magnets comprise 18 air core circular coils having a total series inductance of
530#H. At full charge (17 kV), a peak field of 2.1 kG is achieved with a peak current = 45
kA. Two pairs of trimmer coils and a parallel shunt inductance across the two B.-coils closest
to the midplane provide adjustment of the field index n and flux condition C. The field index
is defined as n = -[ro/BEo]dB./dr where r0 and Bo are the major radius and betatron field
at the minor axis, and the flux condition is C = d(B)/dt/dBo/dt where d(B)/dt is the time
derivative of the average magnetic field linked by the minor axis.

Twelve rectangular single turn coils produce Bo. These coils are connected in series and
powered by a 33 mF capacitor bank. At the peak current = 210 kA, Be = 5.1 kG. Because
of the discreteness of the coils, the Bo has a - 1 % ripple inside the chamber.

The strong focusing field is generated by left handed windings that are located 23.412 cm
from the minor axis and have three winding periods (six field periods) around the major axis.
A peak current Ist > 25 kA can be passed through the windings. Additional details have
been previously reported in comprehensive descriptions of the modified betatron apparatus.5

3. OBSERVATION OF THE CYCLOTRON RESONANCES
Since the first observation of the 'spiked' x-ray waveform produced by the electrons

accelerated in the NRL modified betatron, it has been apparent that beam loss is associated
with resonances. These resonances result when an eigenfrequency w*± of the motion in
the transverse (r-z) plane is equal to a harmonic of the frequency of revolution around the
major axis. The beam motion in the transverse plane is characterized by four modes" which
are very complex. However, when (Be/B.)2 >> n. (n. is the self field index) and the
current in the strong focusing windings is low, these modes are considerably simplified. In
this case there are the cyclotron modes, w-+ -= -fl./'y and w++ = eflr/-y + fleA/y (where
noe = eB/m, n. = eB./m, e and m are the electron charge and mass, and -yis the relativistic
energy parameter), the 'bounce' frequency, w-- = WB, and the intermediate frequency,
o+- =_ al./pl- WB (where a = 6 is the number of strong focusing field periods). The
cyclotron resonance condition is that w++ = tn./'7 , and is equivalent to

Be 2t2 - 1 (1)

B- 2f

where t = ±1, ±2....
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The physical mechanism is that the electrons return to a spatially locallised field distur-
bance with the same phase. Thus, the motion is coherent, and the perturbation of the electron
orbit is reinforced each time the disturbance is encountered. With sufficient perturbation,
electrons strike the chamber wall where they produce the Bremestrahlung.

The x-rays are observed with collimated scintillator/photomultiplier detectors that are
housed in lead shields. Each has 10 cm thick walls and a 0.5 m long collimating pipe. The
detector circuit is specially constructed with sufficient capacitance across the dynodes of the
photomultiplier so that the dynode bias voltage and the detector gain do not 'droop' during
the -- 0.5 me duration pulse. To limit the signal amplitude, the detector is typically located
several meters from the torus (e.g., 10 m), and the detector aperture is limited to 1 - 3
cm. The x-ray signal produced by injection electrons which are not trapped is clipped by an
integrating filter that has an RC-time of one microsecond.

The x-ray signal is shown in Fig. 3 along with the values of I for which eqn. (1) is
satisfied. It is seen that the peaks in the x-ray waveform agree well with the theory for the
electron cyclotron resonances. In earlier observations, significant excitation of resonances
with 1 15 were seen. In the recent experiments, the first serious resonance encountered is
when 1 = 10 where a large fraction of the beam is lost. Remarkably, the surviving portion of
the beam remains sufficiently intact so that subsequent resonances at I = 9 -- 6 are routinely
observed. For the data shown (shot 6933), Be = 4.3 kG, Ia! = 25.4 kA, and the I = 9
resonance occurs at an energy of 14 MeV.

To determine if the observed resonances could be the result of coupling between the
cyclotron mode and the TEN1p modes of the chamber, attempts were made to measure the
poloidal bE and toroidal B. fields of the electromagnetic modes inside the torus. Measure-
ments with wideband magnetic probes have yielded null results; the peak measured field is
B, < 3 x 10-5 G at 580 MHz. This places an upper bound < 16 W on the power inside the
chamber. Because a circulating power of - 1 MW is required to produce a magnetic field
of a few Gauss, the cyclotron instability2 and the parametric instability" can be excluded as
the cause of beam loss.

Instead, the most likely explanation is that the electron cyclotron resonance is driven by
field errors. Numerical modelling has shown that threshold field errors for the excitation of
these resonances are on the order of 1 % of the Be or B, fields.7,8

For example, when the beam encounters a 'bump' in B, as the t = 9 resonance is
encountered, the transverse velocity increases. This is shown in Fig. 4 where the upper frame
shows the beam centroid 6j. (transverse velocity divided by the speed of light) as a function
of time for two cases that have slightly different amplitude 'bumps' in B.. In case #1, the
amplitude of the field disturbance is 5.30 G, for case #2, it is 5.44 G. It is seen that case #1 is
stable, but case #2 is not. In the lower frame of Fig. 4, -/,6e (cc forward momentum) is shown
as a function of time. For case #1 the acceleration of the beam continues, but for case #2,
"-I## remains close to the value at resonance, i.e., the beam remains stuck at the resonance.
(Note that the strong focusing field was omitted in this particular simulation because of its
small effect at high energy, -y 18.)

4. MAGNETIC FIELD ERRORS

During the past several months, a concerted effort has been made to locate and eliminate
the field disturbances that may excite the cyclotron resonance. The sources of field errors that
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have been investigated include the following, (1).coil mialigment, (2) coil discreteness, (3)
eddy currents induced in the modified betatron support structure and nearby components,
(4) porthole induced eddy current and image errors in the toroidal vacuum chamber, and (5)
contributions from the buswork and current feeds of the coils. Many of these field errors we
identified during the initial design of the modified betatron apparatus when it was recognized
that field errors posed a potential problem. During the last year, improved measurement and
correction techniques have resulted in a substantial reduction in many of these errors. The
steps to measure and reduce the errors are described below.

The errors produced by misalignment of the toroidal field (TF) and vertical (betatron)
field (VF) coils have been the most straightforward to reduce. This is because the coils were
manufactured to a 'true position' tolerance of ±1.5 amm, which includes the small, measured
variation of coil insulation thickness. The initial installation was performed to an accuracy
of approaimately ±3 mm. However, because coil supports and shims loosened over several
thousand shots, some of the VF coils were found to have a radial shift approaching 1 cm and
be tilted out of the horizontal plane by an angle of several miffiradians. For individual coil
misalignments, such radial displacements produce I = 1 errors of a few tenths of a Gauss, and
the tilt produces comparable t = 2 errors. With several VF coils misaligned, higher mode
errors can result.

In the case of the TF coils, the principal error is from misalignment out of the vertical
plane. Because the inner vertical segment of each TF coil is tightly constrained within a
vertical groove in an accurately machined phenolic cylinder at the center of the machine (the
'spline', see Fig. 2), these inner 'legs' of the TF coil set are parallel with the central axis of the
structure. However, it was found that the rubber shock absorbing pads on which rest each
corner of the lower deck had partially collapsed. This resulted in a tilt angle to the central
axis of - 5 mrad. Furthermore, the TF coils are subject to a tilting force in the ±9-direction
because of their radial currents interacting with the vertical betatron field B.. Although the
radial segments of each TF coil were held by sturdy clamps mounted on the structurally stiff
'decks,' these clamps could not originally be located far enough radially outboard to prevent
deformation of the coil out of the vertical plane. Thus, several TF coils had become tilted
by as much as 7 mrad. Calculations with the computer program EFFI have shown that this
tilt generates a several Gauss vertical field at the minor axis.

To correct these misalignments, the decks were jacked into a level position as surveyed
using a Sokkisha/Lietz optical transit level. The structure was regrouted and tightened.
Additional VF and TF coil clamps were installed to permit higher field operation and to
provide redundancy to prevent future coil misalignment as individual clamps occasionally
loosen. With these modifications, the coils were repositioned to within ±1.5 Mm. The
chamber was then positioned and clamped in place to a similar tolerance.

Although the i = 12 resonance does not appear to pose a significant problem, an effort
was made to reduce the errors produced by coil discreteness that correspond to the Be field
lines bulging radially outward between the 12 TF coils. An EFFI calculation predicts the Be
variation was 1- 1% in a region within 10 cm of the minor axis. Thus, error fields of several
tens of Gauss were present. To reduce these 'bumpy torus' bulges, a diamagnetic coil was
placed directly under each TF coil. These 12 correction coils consisted of two turns of #2
AWG wire wrapped poloidally ar6und the outside of the chamber. By connecting each coil

SPIE Vol. 1407 Intense Microwave end Particle Beams N (199IJ / 421



0

in series with an appropriate inductance, the circuit inductance L and resistance R could be
selected. In practice, the series inductance comprised ten turns of wire placed in the r-s plane 0
below the lower deck where no fringing or return flux of the main coil sets would be linked.
The wire gauge determined the resistance. By adjusting the L/R magnetic diffusion time, Be
inside the chamber could be slightly reduced under each coil so that the t = 12 bumps in Be
are nearly eliminated.

A third source of error fields was found in the eddy currents induced in the structural 0
elements of the decks. The decks are made of non-magnetic (304 alloy), stainless steel plates
embedded in polyester-glass extruded structural shapes. Although in the original design, the
radial spokes and perimeter edge beams were to have breaks in the steel plates so that eddy
currents would be avoided, some of these breaks were omitted or shorted during construction.
Rogowski coil measurements of the eddy currents revealed that B, induced up to 1.6 kA in 0
the radial spokes and -- 25 kA in the edge beams: Such currents produce error fields - 2.5
G and -' 15 G, respectively, at the chamber. The remedy was to place an insulating sleeve
around bolts at the ends of the members to interrupt the eddy currents.

The errors produced by currents and images in the vacuum chamber proved far more
difficult to reduce. The carbon/epoxy/glass composite chamber consists of 12 sectors, 11 of
which have a 20 cm diameter porthole and two 2.5 cm diameter diagnostic ports. A sector is
shown schematically in Fig. 5. To obtain a magnetic diffusion time (L/R - 80s) for the B.
field to penetrate the chamber wall, a phosphor-bronze screen is embedded in the wall of the
chamber. Thin gold plated inconel flanges and electrical gauze gaskets connect the screens of
adjacent sectors so that beam induced image currents in the wall and screen can flow in the 0
toroidal direction. The B, eddy currents also flow in the toroidal direction.

Errors arise because of the perturbation of these wall currents by the portholes. An
estimate of the magnetic field error is obtained by modelling the diversion of the chamber
current around the porthole as two semicircular arcs and a straight current segment. Using
EFFI and estimating the fraction of current that is diverted, (typically - I kA), it is found 0
that errors - 25 G can result when B, = 600 G. The existence of these errors was confirmed
by measurements made with a pair of effectively identical small probe coils having = 2 cm
diameter, N=600 turns, and a turn-area product of 0.2 turn-m2 . The probe signals were
integrated with matched integrators with a time constant, RC=20.5 ms. Placing one probe
near a porthole and the other near the end of a sector, the error field was monitored as the
differential signal. Field errors - 33 G at r = 110 cm were measured when B, = 600 G.

Partial correction of the porthole errors was accomplished by placing a disk of phosphor-
bronze screen mounted on a supporting insert frame into each port and connecting it via
gauze gasketing to sheet metal tabs soldered to the screen in the chamber wall. This reduced
the errors by 509. To reduce the field disturbances by -• 80 %, brass and stainless steel wires
oriented in the 9-direction were soldered to the edges of the screen. Each porthole insert was
customized to obtain a satisfactory reduction in the the error field. The errors, now - 5 G
are shown in Fig. 5.

A still uncorrected set of field errors is produced by the buswork current feeds to the
VF coils. Although the buswork is coaxial and contributes little to the field, the transition 0
from coax to the hoops comprising the VF coils produces an error of several percent. This
error results because the transition segments of the current feeds are not circular arcs at the
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radius of the coil but are instead straight chords. Over these chords, the current flows at a
radial position that is displaced as much as 5 cm inward from the correct position. An EFFI
calculation of these errors is shown in Fig. 6. New buswork leads (see Fig. 2, 'risers') that
are circular arcs should eliminate these errors. Presently, such leads are under development.

5. EXPERIM1ENTAL RESULTS

Of the modifications described above, three have resulted in improved beam confinement
and higher peak energy. These are the optimization of C, the reduction of the field errors
associated with the portholes of the vacuum chamber, and the increase in B# and B.f. The
effect of stronger B0 is to provide better confinement of the beam minor radius and leads to
higher trapped beam current. The higher B., reduces the sensitivity of the beam centroid
position to energy. However, the two fields cannot be varied arbitrarily because they affect
the trapping of the beam. During the first revolution of the beam around the major axis,
the beam must drift a sufficient distance poloidally so that the electrons do not strike the
injection diode. This drift depends on the the stellarator field index %,t which is a measure
of the strong focusing forces. The stellarator field index ti.t is proportional to 12f/(-yBe). It
is found that a relatively narrow range of 1 1f/.B leads to efficient trapping.

Over the past year, the operating value of the B0 field has been increased from - 3 kG
to - 5.1 kG. With this increase, a trapped beam current in excess of 1.5 kA is typical for an
optimal value of 18f/('yBe). Moreover, the value of B, is now larger for which is reached a
given ratio Be/Bz corresponding to a particular I-value resonance. Thus, a serious encounter
with the I < 10 resonance still occurs, but this is at an electron energy - 14 MeV (instead
of - 11).

Another manifestation of the improved confinement is the reduction in x-rays produced
by electrons striking the injection diode long after injection during the acceleration pulse
and prior to the x-ray pulses produced as the beam strikes the wall because of the disruptive
resonances. At the lower values of Bs, x-rays from the diode are routinely observed. However,
at the higher B6, some shots yield a very small pulse of diode x-rays which indicates that few
electrons are lost before the principal resonances occur.

Experiments were also performed to determine the flux condition (C) which resulted in
the longest beam lifetime. As the electrons are accelerated, an incorrect C can shift the
equilibrium position to the chamber wall or into the injection diode that protrudes into the
chamber. Furthermore, when the beam is not near the minor axis, resonances may also be
excited by the strong focusing field.

Flux adjustment is obtained with a comb-nation of the trimmer coils which are powered
by shunting some of the current flowing to the main VF coil set through a parallel circuit
branch with a large inductance that has no mutual inductance coupling to the VF coils, and
by removing some of the larger radius VF coils from the circuit. Table I displays some of
the configurations used in the experiment. Given are the minimum and maximum values of
the index within 10 cm of the minor axis as predicted by EFFI calculations. Simultaneous
measurement of the loop voltage (oc d(B)/dt) and dB/dt at the minor axis indicate that the
EFFI calculation leads to an overestimate for e by 17 %. This discrepancy might result from
the neglect of flux exclusion by the conductors of various coils and structural elements. The
table gives the measured values of •.

SPIE Vol. 1407 Intense Microwave and Partide Beams$I (1991) / 423



TABLE I. Various Bx-field Configurations

# .. ,s-,ma, f configuration

15.3 0.41-0.64 1.7 all trimmers at 15 % If
17.7 0.42-0.71 1.9 w/o VF±9, no trimmers
17.6 0.59-0.88 2.0 w/o VF-9, all trimmers 15 % Iq!
17.3 0.42-0.64 2.0 w/o VF±9, no trimmers

where Ij, is the series current through the VF coils.

Using the configurations listed in Table I, it was found that e = 1.9 is best. This is
illustrated in Fig. 7, where the x-ray signal versus time is shown for two flux conditions,
C = 1.9 and 2.0. In both cases, the field amplitudes and the trapped current - 1.5 kA were
the same. It was found that beam trapping is not very sensitive to the flux condition, but
confinement is. If the flux condition is not optimal, the beam is expected to move away from
the minor axis during acceleration. The observed temporal reduction in the synchrotron
radiation emitted by the beam,4 and the x-rays emitted as beam scrapes the injector are
consistent with such an excursion.

While the beam lifetime has proven to be sensitive to the amplitudes of the fields and to
the flux condition, only a modest increase in lifetime has resulted from the efforts to reduce
field errors. Thus, although several field disturbances have been greatly reduced, e.g., the
errors produced by the chamber portholes, it appears that significant perturbations remain.

6. DISCUSSION

Avoidance of unstable excitation of the cyclotron resonances will likely require reduction
of all field errors below threshold values. To further improve the field configuraton towards
this goal, new buswork connections to the VF coils are under construction. However, it is
uncertain whether these improvements will be sufficient remedies to avoid the resonances.
Therefore, in addition to continuing the refinement of the fields, a scheme for dynamic stabi-
lization of the resonances is being investigated.8

The basic concept of dynamic stabilization is to avoid locking the beam into a resonance
by applying a temporal modulation of Bo. The modulation is switched on just prior to the
beam's encounter with the disruptive resonance. The concept is being studied analytically
and numerically. The engineering development of the hardware to produce the modulation
field is underway.
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and a sector with no large port (9 = 4.2 rad).

428 / SPIE Vol 1407 Intenw Miacoweve and Paticle Beams I(1991)



0

Bz (G) for 1 kA VF coil current

30
2 8 .8 4 " ..... ........

R= 10 cm
25 1 1 1 1

0 90 180 270 360

TOROIDAL POSITION (deg)
II IfI I I ! I I I .

* _VF# 1 ' VF#4 - VF#3,5J

VF#2

Fig. 6. The field disturbances resulting from the bus connections to the VF coils.
0.5_

0
1
t-0.0..

0(B.) 1.9
Be.-I. 0-

-250 0 250 500 750 1000 1250 1500
adcrosec

0.50

v 0.O0--

t 0.5

- (B 2.0

-250 0 250 500 750 1000 1250 1500
microsec

Fig. 7. Compariaon of x-ray signals for two different flux conditions.

SPIE Vol. 1407 Irere Microwmv end ParWtle Befas U (1991)/ 429



S

0

Appendix DD

Intense Microwave and Particle Beams ifi



PROEEIN S RERN
I 9SP1E-The International Society for Optical Engineering

Reprinte from

In tense Microwave
and Particle Beams III

20-24 January 1992
Los Angeles, California

IE

Volume 1629

Z1992 by the Society of Photo-Optical Instrumentation Engineers
Box 10, Bellingham. Washington 98227 USA. Telepone 206/676-3290.



Excitation of the f = 12 Cyclotron Resonance in the NRL
Modified Betatron Accelerator*

L. K. Len,') T. Smith,&) P. Loschialpo, J. Mathew, S. J. Marsh,b) D. Dialetis,c)
J. Golden,d) J.H. Chang and C. A. Kapetanakos
Plasma Physics Division, Naval Research Laboratory, Washington, DC 20375-5000

The basic periodicity in the NRL device is twelve-fold. There are twelve toroidal
field coils, twelve sectors, and so on. For a long time, the I = 12 resonance
was the dominant resonance in the experiment. To test the importance of the
e = 12 resonance, we have intentionally introduced an I = 12 field error using
twelve resonant coils. By activating these coils when the resonance is observed,
the duration of x-rays produced by beam loss was reduced from 900 us to 5.5
pss, while the amplitude of the signal increased from 0.5 to ,-40 volts. The full
width of the x-ray pulse at half maximum is inversely proportional to the current
through the resonant coils and proportional to the risetime of the pulse. Work is
in progress with a set of twelve internal coils that have a risetime of 300 - 400
ns. The results with these coils have confirmed the importance of the f = 12
resonance. In addition, it has been shown experimentally that by adding a ABe
such that the ratio of the total toroidal magnetic field to the vertical field is
not an integer, the cyclotron resonance is not excited. These experiments have
extended the beam lifetime by more than 100 lps, which is approximately equal
to the risetime of the applied AB# pulse. In the presence of such a pulse, the
beam lifetime is 1 ms and the electron beam energy is 22 MeV, while the trapped
current is in excess of 1 kA.

I. INTRODUCTION

The lifetime of the electron beam in the NRL modified betatron accelerator has been 0
limited by the excitation of the cyclotron resonances.' These resonances occur whenever
the condition (Beo/B.0 ) = (2e2 - 1)/2t is satisfied, with f taking integer values.2 '3 Here Be.
and B,. are the toroidal and vertical magnetic fields on the minor axis of the chamber. In
this paper, we present results from several experiments related to the excitation of electron
cyclotron resonances. The first experiment deals specifically with the I = 12 resonance and
the second addresses the spatial distribution of the beam losses. In the third experiment,
a time rising ABO has been added to the main Be field. This has effectively resulted in a
total BUT that maintains the condition of BOT/Bz = constant # integer over the risetime
of the ABO pulse, and thus the beam does not cross any resonance.

II. EXPERIMENTAL APPARATUS

Detailed description of the NRL modified betatron accelerator can be found in pre-
vious publications1,4- 7 where various experimental results, including observation of the
electron cyclotron resonances were reported. There are three main external magnetic 0
fields that provide confinement to the high current beam, namely, the toroidal (Be), the
strong focusing (Bf), and the vertical (B,) fields. They are generated by pulsed, aircore
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electromagnets and have risetimes equal to 2.3 ms, 1.0 ms, and 2.6 ms respectively. The
peak value of Be is -,.5 kG and that of B, is -2 kG. The strong focusing windings can be
operated at peak currents as high as ,-30 kA.

Two sets of resonant coils have been used in the experiments reported in this paper.
A set of 12 single-turn coils are installed on the outside of the vacuum chamber (external
resonant coils). They are approximately equally spaced around the toroidal chamber. The
drivers for these coils can be configured to generate ABe with risetime of 12 and 5 ps. To
generate a faster resonant pulse, these coils have been replaced with 12 single-turn internal
coils that are located accurately at the joints between sectors as shown in Fig. 1. The
internal coils are wound on a blue nylon housing and encapsulated with epoxy.

Coaxial Buswork To Capacitor
(RG220) Bn

To 9 More

Coils\

S~To 10 More

S~Internal Coils

S Located at

the Joints

Vacuum External
Chamber Coils

FIG. 1. Schemetic view of the resonant coils with respect to the vacuum chamber sectors.

In the experiment with BeT/Ba = constant 34 integer, the number of external coils
was increased to 24 in order to produce a smoother ABe. In addition, the pulsed power
driver was modified to increase the quarter period risetime to --100 ps.
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Beam injection is initiated near the peak of the toroidal and strong focusing fields.
The injector diode is located inside the vacuum chamber 8.6 cm from the minor axis. 0
When the ratio of Be to B, is nearly 12, the resonant coils are energized to produce the
ABO disturbance. Diagnostics includes the following: Magnetic field probes to measure
Be and Bz, three NPM-54 x-ray detectors that monitor the x-rays generated when the
beam strikes the chamber wall, a Rogowski belt to measure the electron beam current and
optical fibers that are located on the outside of the vacuum chamber. The light emitted S
when the energetic electrons strike these fibers is monitored with photomultiplier tubes.
This technique has allowed us to determine accurately the beam dump positions.

III. EXPERIMENTAL RESULTS

In the modified betatron the electron beam performs a complicated motion following
injection. To avoid hitting the diode or/and the wall as the beam spirals onto the minor
axis during the trapping process, it is necessary to select the operating parameters carefully
to maximize the beam trapping efficiency. The signals from the x-ray detectors looking at
the diode and the lead shielding around the Rogowski belt are used in conjunction with •
the beam current monitor as a guide to arrive at the optimum field settings. The beam
lifetime is inferred from the x-ray signal such as that shown in Fig. 2. The main peak at
800 ps corresponds to an energy of 20 MeV while the last peak at 1300 ps is 28 MeV.

00

V 0
-1

-2 1 1 , ,
0 500 1000 1500

Time (ps)
FIG. 2. Typical x-ray signal

For a long time, the C = 12 resonance has been the dominant cause of beam loss. Even
after a careful realignment of the field coils, vacuum chamber, the injector, the supporting
deck structures and reductions of other possible field errors, the t = 12 resonance remains
significant. It is the first major resonance encountered as can be seen in Fig. 2. 0

The t = 12 resonance is of special interest because the NRL device has a twelve-fold
periodicity. There are twelve sectors in the vacuum chamber and twelve toroidal field coils.
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FIG. 3. X-ray signal when the resonant coils are activated at 1=12. (a) Full trace; (b) Expanded

trace.

To enhance this resonance, we have installed twelve resonant coils to generate a periodic
field perturbation.

Initially, a set of twelve resonant coils was installed on the outside of the chamber
(external coils). These coils are initiated at r = 430 us, i.e., when the f = 12 condition is
reached. A ABO pulse with a quarter period risetime of 12 jis and amplitude of 200 G is
generated on the minor axis when the current in tde coils is 9 kA. As it is apparent from
Figs. 2 and 3(a), the width of the x-ray signal (a measure of rate of beam loss) is reduced
from approximately 900 js to 8 ps, i.e., by more than two orders of magnitude while its
amplitude has increase by a factor of twenty. The width of the x-ray signal varies inversely
to the current in the resonant coils as shown in Fig. 4. The loss rate is also dependent on
the risetime of the resonant coil pulse.

By connecting the coils in parallel instead of in series, the risetime was reduced to 5
ps, and even shorter risetime pulses have been produced with a set of internal coils. The
internal coils are powered by new drivers with a risetime of 400 ns. Being faster and nearer
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FIG. 5. Full width of the x-ray pulse at half maximum versus the current risetime of the resonant

coils.

to the sector flanges, the internal coils require substantially higher voltage and current to
produce the required field perturbations. The results from this experiment are shown in
Fig. 5.

To determine the spatial distribution of beam losses when the resonant coils are ener-
gized, several 400-#sm-diameter optical fibers were mounted on the outside of the vacuum
chamber. By the time the e = 12 resonance is crossed, the electrons have acquired suf-
ficient energy to penetrate the chamber. The light generated when the electrons strike
the fiber is monitored with a photomultiplier tube. The results from scanning around the
torus at 100 intervals are shown in Fig. 6. Only six peaks instead of the expected twelve •
are observed. This is most likely due to the beating between the e = 12 and e = 6 mode
that is excited by the six field periods of the stellarator windings. Computer simulation
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shows that the strong focusing modulates the f = 12 peaks in such a way that only every
* other strikes the wall as shown in Fig. 7. It is still not clear at this time why three of the

peaks are higher than the rest. Experiments are in progress to clarify this issue.
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FIG. 6. Distribution of beam loss on the inner wall around the torus.
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FIG. 7. Results from computer simulation. Ro is the major radius.

Finally, we present the results from an experiment in which a time-rising ABe is used
* to extend the beam lifetime. It is well known that when B 8 /B, = V 22/(2f-1) - f = integer

(for the e values relevant to our observation), resonances are excited and beam losses are
observed. Therfore, by using an applicd AB8 to maintain BeT/B. = constant : integer,
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where BqT = Be + AB&, crossing of resonances can be avoided. A set of 24 single-turn
external coils, powered by a larger capacitor bank generates the ABe ramp. Results from
the experiment are shown in Fig. 8 where the AB# was introduced at r = 800ps. Beam
loss is suppressed for 100 ps, which is the risetime of the applied Be.

o_

V *

-2-

-4- I

0 500 1000 1500

Time (jis)
FIG. 8. X-ray signal for the case where a LBO has been added to extend the peak at 830 js to 950

AJS.
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the NRL device has a twelve-fold symmetry. To test the importance of the 1= 12 resonance, we have inten-
tionally introduced an f= 12 field error using twelve resonant coils. By activating these coils when the reso-

nance is observed, the duration of x-rays produced by beam loss was reduced from 900 As to 5.5 ;s. while the

amplitude of the signal increased from 0.5 to -40 volts. The full width of the x-ray pulse at half maximum is

inversely proportional to the current through the resonant coils and proportional to the risetime of the pulsc.
Work is in progress with a set of twelve internal coils that have a risetime of 300-400 ns. Studies of the spatial
distribution of beam losses at 1= 12 show that the beam is always lost in six well defined toroidal positions. In

addition, it has been shown experimentally that when the ratio of the total toroidal magnetic field to the vertical
field is not an integer, the cyclotron resonance is not excited.
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Studies of the integer cyclotron resonances
in a modified betatron accelerator*

I. INTRODUCTION

The cyclotron resonance is due to the coupling, caused by a field error(s), of the

cyclotron motions associated with the toroidal and vertical fields. The field error(s) that

excites the resonance can be either vertical AB, or axial (toroidal) AB*. In the case

of a vertical field error and in the absence of acceleration and strong focusing field, the

normalized transverse velocity #_L and thus the Larmor radius of the transverse motion of

the gyrating particles grows linearly with timel, provided that nonlinear effects associated

with the particle velocity are neglected. When such effects are taken into account, Pji

exhibits cycloidal behavior. 2

In the presence of an accelerating field and a large vertical field error, #_± increases

proportionally to the square root of time, while 'yfle saturates, i.e., the electrons lock-in

to a specific resonance (lock-in state). When the amplitude of AB, is below a threshold,

#± exhibits Fresnel behavior, i.e., 6± grows quickly for approximately 1 Asec and then

saturates until the beam reaches the next resonance.2

In the case of an axial field error and in the absence of acceleration, #. grows expo-

nentially with time only for a very short period. Since P.± increases at the expense of 0.,

the particles are kicked off resonance. Thus, ,±. varies cycloidally with time. Similarly, in

the presence of an accelerating field #. behaves as in the case of the vertical field error.

The previous discussion is based on the assumption that the strong focusing field is

zero. In addition to introducing new characteristic modes, the strong focusing field makes

the expression for the regular cyclotron mode more complicated.3 However, it can be shown

that for the parameters of the NRL device and provided f :$- 1, the strong focusing has

only minor effect on the cyclotron resonance. This is also supported by extensive computer

calculations.
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In this paper, we present results from several experiments related to the excitation of

cyclotron resonances, for both vertical and toroidal field errors. The last Section addresses
possible remedies for the suppression of the cyclotron resonances in the modified betatron

accelerator.

U1. EXPERIMENTAL APPARATUS

Detailed description of the NRL modified betatron accelerator can be found in pre-

vious publications 4- 6 , where various experimental results, including observation of the

electron cyclotron resonances were reported. There are three main external magnetic

fields that provide confinement to the high current beam, namely, the toroidal (Be), the

strong focusing (Bf), and the vertical (B.) fields. They are generated by pulsed, aircore

electromagnets with risetimes equal to 2.3 ms, 1.0 ms, and 2.6 ms respectively. The peak

value of Be is - 5 kG and that of B, is -2 kG. The strong focusing windings can be

operated at peak currents as high as -'30 kA. A photograph of the experiment is shown

in Fig. 1.

MX. EXPERIMENTAL RESULTS

In a modified betatron with strong focusing windings there are four characteristic

transverse modes 3 w±±. Integer resonances occur when the frequency of these modes, in

the laboratory frame, over the relativistic cyclotron frequency of the vertical field f£zo/fy

on the minor axis is an integer, i.e., when

=k, where k = ±1,,2... (1)

The four characteristic modes w++ are in general very complex. However, for modest

beam and strong focusing currents, as those in the NRL device and when Be/B, >, 1 the

modes are considerably simplified. Under these conditions the mode that is responsible for

the cyclotron resonance becomes w_+ . fleo/fr, where fleo is the cyclotron frequency that

corresponds to the toroidal magnetic field. Under these conditions Eq. (1) takes the very

simple form Beo/B~o 1n t., where I = 1,2 ... , and Boo and B.o are the toroidal and vertical

fielas on the minor axis. Therefore, the cyclotron resonance is due to the coupling, caused

by a field error(s), of the cyclotron motions associated with the toroidal and vertical fields.
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The x-rays are monitored by three collimated x-ray detectors (scintillator-photo-

multiplier tube) that are housed inside lead boxes. In the results shown in Fig. 2, the

x-rays enter the scintillator through a 1.94 cm-dia. tube and the detector is located 10.8

m from the vacuum chamber. As a rule, the shape of the x-ray signal recorded by all three

detectors is spiky and the peaks always occur at the same value of Boo/Bao, independently

of the current flowing in the stellarator windings.

In addition to the x-ray pulse, Fig. 2 shows the ratio of Beo/Bso at the peaks of the

signal. The solid circles are from the experiment and the crosses are from the resonance

condition Beo/B 0o = (212 - 1)/21, t = 1,2... of the cyclotron resonance. For t= 8,9 and

10, experiment and theory are in good agreement. However, for the remaining I values

there is noticeable divergence between the theoretical predictions and the experiment.

The theory of the cyclotron resonance has been developed under the assumption that

the beam is located on the minor axis. However, the experimental observations indicate

that the electron ring starts to move off axis after 200-300 Asec. Recently, the theory of

the cyclotron resonance has been extended to a beam that is located on the midplane but

off the minor axis. For such a beam the resonance conditions becomes

rOo = 2t2 - 1 (2)
e-y## 2t (2

where ro is the major radius, and #a is the normalized toroidal velocity. The agreement

between the experimental results and the theory is improved when the radial motion of

the beam is taken into account.

It is apparent from the resonant condition that when Beo/Bzo= constant 0 integer,

the cyclotron resonance is not excited. To test this supposition, we have installed 24

single-turn coils on the outside of the vacuum chamber, as shown in Fig. 3. These coils

are powered by a capacitor bank and have a risetime of approximately 100 Asec. During

this time period the coils generate a toroidal field ramp that increases linearly with time

and the total toroidal field increases in synchrouism with the betatron field. Results from

the experiment are shown in Fig. 4, when the coils are energized at 800 AIsec. Beam losses

are suppressed for 100 psec, i.e., as long as the condition Beo/EBo : integer is satisfied.

The damage done to the beam at each resonance depends on the speed with which the

resonance is crossed. By modulating the toroidal field with a rapidly varying ripple the

resonance is crossed quickly and thus the damage inflicted to the beam is reduced. This
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is the dynamic stabilization or tune jumping technique and requires a carefully tailored

pulse to be effective over many resonances.

Results from the numerical integration of orbit equations are shown in Fig. 5. The

left column shows the transverse velocity 01., axial velocity ## and the product -Yoe as a

function of time when the coils that produce the ripple are not energized. As the beam

crosses the I=10 resonance, its trtnsverse velocity increases by a few percent while at t= 9,

AL reaches 18%. At the same time Pe decreases. Even more importantly, the product "y##

saturates at 1=10, i.e., all the energy from the accelerating fields goes to P± instead of #e.

This interesting phenomenon is due to nonlinear effects and will be called "lock-in" state.

The corresponding results with the stabilizing coils on are shown in the right column of

Fig. 5. At both t=10 and t=9 the transverse velocity of the beam increases modestly but

•/3l does not saturate.

Results from the experiment are shown in Fig. 6. The toroidal field modulation is

produced by the 24 coils that are mounted on the exterior surface of the vacuum chamber,

two coils on each sector. The period of the under damped LRC circuit is 70 psec. The

decay of the current waveform is mainly due to the resistance of the vacuum chamber that

plays the role of the secondary.

Figure 6a shows the x-ray waveform in the absence of modulation. The corresponding

x-ray waveform when the coils are energized at 430 isec and the first peak of the mod-

ulation is positive is shown in Fig. 6b. It is apparent that the x-ray signal is modulated

with the period of the ABe field and the two modulations are in phase. An interesting

feature of these results is the drastic reduction of the x-ray signal following the initiation of

the ABe ripple. Typically, the x-ray signal goes to zero, temporarily, when the amplitude

of ABe exceeds a threshold. When the polarity of the ABe field is reversed, the x-ray

waveform exhibits similar characteristics as in the case of positive first peak and is shown

in Fig. 6c. However, in contrast with the previous case, the beam losses awe accelerated

immediately after the initiation of the ABe ripple.

The experimental results appear to be in agreement with the theoretical predictions

and the computer calculations shown in Fig. 5. When the beam is in the lock-in state

and the amplitude of the modulation is not large enough, "yfe remains locked and tracks

the modulation, as required by the resonance condition of Eq. (1). For positive first

peak, "yPe increases and thus Pj. is reduced. The smaller Larmor radius results in reduced

4
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particle losses. For negative first peak, "yBe is reduced and thus fe increases. The larger

Larmor radius drives the electrons to the wall and the x-ray signal increases. It should

be emphasised, however, that the above interpretation of the experimental results is not

unique. There is at least one more model that is consistent with the results.

The basic periodicity in the NRL device is twelve-fold. There are twelve toroidal field

coils, twelve sectors, and so on. For a long time, the 1=12 resonance was the dominant

resonance in the experiment. To test the importance of the 1=12 resonance, we have

intentionally introduced an t=12 axial field error using twelve resonant coils.

Initially, the set of twelve resonant coils was installed on the outside of the chamber

(external coils). These coils are initiated at r=430 gAs, i.e., when the 1=12 condition is

reached. A ABe pulse with a quarter period risetime of 12 Msec and amplitude of 200 G is

generated on the minor axis when the current in the coils is 9 kA. Figure 7a shows the x-ray

pulse when the resonant coils are off and Fig. 7b when the coils are on. it is apparent from

these results that the width of the x-ray signal is reduced from approximately 900 psec to

8 jssec, i.e., by more than two orders of magnitude while its amplitude has increased by

a factor of thirty. The width of the x-ray signal varies inversely with the current in the

resonant coils as shown in Fig. 8 and also depends on the risetime of the resonant coil

pulse.

By connecting the coils in parallel instead of in series, the risetime was reduced to 5

psec, and even shorter risetime pulses have been produced with a set of internal coils. The

internal coils are wound on a blue nylon housing and encapsulated with epoxy (Fig. 9) and

are powered by new drivers with a risetime of 400 ns. Being faster and nearer to the sector

flanges, the internal coils require substantially higher voltage and current to produce the

required field perturbations. The dependence of the x-ray pulse width on the risetime of

the current pulse is shown in Fig. 10.

To determine the spatial distribution of beam losses when the resonant coils are ener-

gized, several 400-min-diameter optical fibers were mounted on the outside of the vacuum

chamber. By the time the 1=12 resonance is crossed, the electrons have acquired sufficient

energy to penetrate the chamber. The light generated when the electrons strike the fiber

is monitored with a photomultiplier tube. The results from scanning around the torus

at 100 intervals are shown in Fig. 11. Only six peaks instead of the expected twelve are

observed. This is most likely due to the beating between the 1=12 and t=6 mode that
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is excited by the six field periods of the stellarator windings. Computer simulation shows 0

that the strong focusing modulates the 1=12 peaks in such a way that only every other
peak strikes the wall as shown in Fig. 12. It is still not clear at this time why three of the

peaks are higher than the rest.

Under normal operating conditions the current that produces the strong focusing field
is passively crowbarred and the fields decay with a long time constant L/R, where L is

mainly the inductance of a ballast inductor that is in series with the windings. To test the

effect of the strong focusing field on the distribution of beam loss, the ballast inductor was •

removed and the circuits were actively crowbarred. The shape of the pulse is a half sine
with a half period of - 650 psec. The beam is injected near the peak of the pulse. Thus,

the strong focusing field is practically zero when the resonant coils are energized. Under

these conditions most of the beam is lost at a single toroidal position near 0 = 900. These 0
experiments are currently in progress.

IV. REMEDY

Although the effective accelerating gradient in the present device is large, its actual

accelerating gradient is low (- 150V/m). As a result the electrons have to perform a large

number of revolutions around the major axis in order to obtain the desired peak energy of

20 MeV. Thus, the existing modified betatron is sensitive to field errors. Possible remedies

for the problem of the cyclotron resonances are listed in Table I. Computer calculations

show that at the contemplated acceleration rate of 300 G/jssec for the advanced devices

the cyclotron resonance is not excited, provided that the various fields have been designed

with an accuracy better than 0.1%.

6
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Table I

Possible remedies for the cyclotron resonance
Remedy nts

"* Design the device carefully to avoid Increase cost.
field errors

" Carry out accurate mapping of fields Tedious and time consuming. Stan-
(- 0.1%). Use trim coils to eliminate dard technique in accelerators.
field errors.

"* Keep ratio Be/B, = const. 6 integer Powerful approach. Requires high Be.
during acceleration.

"* When dB./dt is large the cyclotron In comteplated advanced devices dB./dt f
resonance is not excited. 300 G/psec. Thus, the cyclotron reso-

nance will not be excited.

"* Modulate Be field to cross resonances Requires carefully tailored pulse to be
quickly and thus to reduce damage. effective over many resonances.
(Dynamic Stabilization or tune jump-
ing).

7



9

Fig. 1. Photograph of
the NRL modified
betatron accelerator.

0.2.- -

0.0- 1 --

S - 2 Fig. 2. X-ray pulse

- * and ratio of

CO B#O/B~o at the peaks"2N 
. of the x-ray signal.

-04 13
-200 0 20W 400O O 1000 1200

rime (Asec)

Coagial Buawork To Capacitor(RG20) Bank:::)_ T ~ pco

9. mome • Fig. 3. ExternalTo 1doreresonant. 
coils.

coils

Vacuum Chamber

0

8 9



*0 fI .

- S. es
L m

T 2

-4- 1 m1 p .1

*' ' 5 5 5 5 I * * * | S S

0 ,500 1000 1500

"Time (ps)

* Fig. 4. X-ray signal. Between 800-900W A V sU-

Boo/B 5 0 = constant 96 integer.-

J I r

42..[ " I• f Fig 6 X-ray signals
.ID ,-e 17 -4 vs. time at reduced

SA &S

[.ZZ Qe [7~ toroidal field.

12.* U 8.0 U C 0

Tra. (Da) Tram (io)

Fig. 5. Results from the
numerical integration
of orbit equations

.. Ahray am. Oa

WWWA PatwbayiO on Expanded TMune Scale

-I . II, .- -,,)
V 

-

t //o . .. .. a =0 k \ !

* • -,,. ___

-40 0

Fig 7. X- ray signal with the resonant coils off (a)
and when the coils are activated: (b) full trace; (c) expanded.

9



OM an

Fig. 8. Width (at haffmax.) Fig. 9. Internal coils
of the x-ray pulse vs.9
resonant coil current
at 1=12. Peak ABO 28G/kA

100

1000

S-n 6-oo
Pzalm

400

0 6 8 1 1 00 G 1wO 1w 2w MV 360

current risetime.

Fig. 12. Computer results that show
the radial displacement of the beam
from the minor axis vs. toroidal angle.

10



Appendix FF

Reduction of 3&o/2 Emission from Laser-Produced
Plasmas with Broad Bandwidth,

Induced Spatial Incoherence at 0.53 pm

0



Reduction of 3wo/2 emission from laser-produced plasmas with broad
bandwidth, Induced spatial incoherence at 0.53 pu
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Laser Plasma Branch. Plasma Phwcs Dimi Naval Retarch Labomwaw. Washingtm, DC 20375.50W0

(Received 12 October 1990, accepted 5 February 1991)

Measurements of the 3wo/2 emission from laser-irradiated targets at 0.53 /Am were made at
three angles over a wide range of laser bandwidths with and without induced spatial
incoherence (ISI) echelons. The 3w,/2 emission was found to be correlated with hard x rays
but not Raman spectra, suggesting that the 3ao/2 radiation was due to two-plasmon decay.
Reduction of both 3wo/2 emission and the accompanying hard x rays by ISl required five to
ten tim larger bandwidths than needed to suppress stimulated Raman scattering and
stimulated Brillouin scattering.

I. INTRODUCTION width. They differ in the mechanism by which the band-

Induced spatial incoherence (ISI) ws ft pwidth is generated and possibly in the technological feasibil-
a dbeam smoothing technique to poi tirht p r m ity of achieving a given degree of bandwidth.a ea sothngtchiqe oprviethe highly uniform Recent experiments on the bakctee fractions of
illumination required for direct-drive laser fusion. 12 ISI has Rcn xeiet ntebcsatrdfatoso

stimulated Raman and Brillouin scattering have attributed a
been found, however, not only to provide uniform illumna- measured 25-fold reduction in instability levels with ISI as
tion but also to suppress a number of deleterious plasma compared with RPP to corresponding decreases in the iia-
instabilities associated with the reflection and absorption of mentation instability." In the experiments described herein,
the incident laser energy such as stimulated Raman scatter- was observed to reduce the 3w0/2 and hard x rays
ing (SRS) and stimulated Briilouin scattering (SBS)3-5 In ciated with the two-plasmon instability. However, the de-

this paper, we present the first detailed experimental study of tails ofwthe effects of ISI on the two-plasmon decay instbility

the effect of ISI on the two-plasmon decay instability as in-
were very different from that observed with SBS and SRS. At

ferred from three-halves harmonic (3o02) emission corre- the largest bandwidth used here (AA = 10 A at 0.53 /m or
lated with x-ray measurements. Ao/2i" = 1.2X 1013 seC- 1), SBS and SRS Were completely

The importance of beam smoothing for direct-drive la- suppr b 1.2 unde our ex ian compltely
ser fusion has been widely recognized especially with respect suppressed by ISI under our experimental conditions and
to minimizing initial perturbations that can lead to hydrody- •r._l reduced at an intermediate bandwidth (AR = 1
namic instabilities and reducing filanentation that may en- A)a factor of 10 times smaller. In contrast, the 3wo/2

hance parametric instabilities. There are now a number of emision was observed to be reduced, but not completely

other optical beam-smoothing techniques in addition to uppressed, only by using ISt with the broadest bandwidths.

ISI--random phase plates (RPP),6 lens arrays,7 smoothing These results suggest that the mechanism by which 151 af-

by spectral dispersion (SSD),s and echelon-free ISl.' 0 All fects the two-plasmon decay instability may be different

0 of the extant beam-smoothing techniques achieve much im- than that for S-M m and SRS.

proved illumination uniformity over generic unsmoothed la- In the two-plasmon decay instability, an incident laser

ser beams. There are differences, however, between the var- photon at frequency so undergoes a parametric decay at the

ioustecniqes n te etentandnatre f te lser quarter-critical density surface into two electron plasma
ious techniques in the extes and nature of the laser waves or plasmons each at a frequency approximately equal
bandwidth. The degree of laser bandwidth required to ~~a he-avshroi msinocr hna

achieve substantial decreases in potentially catastrophic Ia- w/2 paoieracts han emiphoon in the v n

ser-plasma instabilities may be an important criterion deter- the quarr-critical surface giving a photon at the 3v0/2 fre-

mining the use of one or the other of the above-mentioned que rcree-halvsuha c ei ssion from fae-
beam-smoothing techniques. The RPP approach to beam quency. Three-halves harmonic emission from laser-irra-

diated targets has been extensively studied both theoretical-
smoothing does not utilize broad laser bandwidth. The lens ly' 2-16 and experimentally. 7-2 The importance of the
array technique does not rely on broad laser bandwidth, but two-plasmon decay to inertial fusion lies in the fact that elec-
it does not preclude its use. ISI, SSD, and echelon-free ISI, trons, accelerated to high energies by electron plasma wave
S on the other hand, all rely heavily on broadened laer band- can preheat the target thus preventing efficient pellet com-

Pueeemaddrm arpd Parucik Pbyua Dranch, Naval Rawsareb L.. presdon. o ecyi
"rammsy, WaldagworuN DC 20375.50Mh The threshold for two-plasmon decay instabilityn a

"Piwrot addm. Spewm Plam. Daach Naval Ry.mI a . spatially inhomoeeMius plasma is given by
Wakianm, DC 20375.-ooo (volv,) 2koL >a. where v. is the electron oscillatory veloc-
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ity, v, is the electron thermal velocity, ko is the wave number x-ray detectors, and harmonic emission detectors is shown
ofthe pump, L is the density scale length, and a = 2 to a = 4 in Fig. 1. Each beam was incident on a flat 200pAm thick CH
depending on the value of a parameter j = v ./vC2

.
1

4
.
1 5  target at an angle of e to the normal. Measurements of

Hydrodynamic simulations of the effect of the laser-target 3wOo/2 emission were also taken at the same four bandwidths
interactions under our conditions give typical density scale for targets irradiated by a beam without ISI echelons. Three
lengths for 0.53 pm irradiation of approximately 150p/m at fiber-optic collectors each with a 6 cm focal length lens were
quarter-critical density and temperatures of 900 eV.29" situated at a distance of 50 cm from the target location at
These parameters give a= 3 and an intensity threshold for 18(, 15(", and 130" collection angles with respect to the tar-
absolute two-plasmon decay in the green of 1.3 x 101 get normal. Quartz fibers from each fiber-optic collection
W/emz. The collisional threshold for the two-plasmon insta- position were input into a I m spectrograph whose output
bility is given by the condition that the growth rate was matched to an optical multichannel analyzer (OMA)
ro = ko v./4 exceed v, /2 where v,, is the electron-ion colli- with a two-dimensional intensified vidicon array operating
sion frequency. Assuming an electron density at the quarter- in a time-integrating mode. Neutral density filters as well as
critical density surface of 1.5 X 10" cm- 3, an electron tern- selected bandpass interference filters were used in front of
perature of 900 eV and a Z• = 5, the intensity threshold for the collection optics. The magnitude of the 3wo/2 signal for
the collisional two-plasmon instability is 1.3 X 10'" W/cm2 each collection angle was obtained by integrating the OMA
-- essentially the same as the threshold calculated above for a detector signal over both the red- and blue-shifted wave-
spatially inhomogeneous plasma. The present experiment length components. Finally, the Raman backscatter at the
was carried out at time-integrated average intensities be- 180 collection angle was measured with an array of fast sili-
tween 2.5 x 1013 and 2.5 x 10"4 W/cm2, above both the esti- con photodiodes with 50 nm bandwidth interference filters
mated collisional and spatially inhomogeneous two-plas- centered at 650, 750, 850, and 950 nm.
mon decay thresholds. Ill. EXPERIMENTAL RESULTS

II. EXPERIMENTAL SETUP A. Differences In &%o /2 spectra

The experiment was performed with two beams of the Two time-integrated 3wo/2 spectra at the 150' ollec-
Pharos III Nd-glass laser with f/il focusing lenses. Both tion angle are shown in Fig. 2 for targets irradiated at broad
beams were frequency converted to the green at 527 nm 1- bandwidth and narrow bandwidth (AA = 10 and 0.0l1 A) at
The laser pulse duration was 2 nsec (FWHM) and the ener- intensity approximately equal to 7.5X 10' W/cm2 . The
gy was varied from 10 to 250 J on target. One beam con- peak ofthe 3wo/2 emission in the spectrum with the narrow
tained ISI echelons, the other did not. The ISI beam smooth- bandwidth laser is almost two orders of magnitude greater
ing used in the present experiment utilized a set of than in the spectrum obtained with broad bandwidth. In
orthogonal transmissive and reflective echelons for spatial addition, the measurements show a significant difference in
incoherence and broad laser bandwidth for temporal inco- the relative amplitudes of the red and blue components of the
herence.'- 2 The echelons break the 20 cm diameter laser 3wo/2 spectrum. The 3w0 /2 spectrum from the narrow
beam into approximately 300 1 X0.8 cm beamlets. Optical bandwidth case contains a blue component with a magni-
delays on the order of 2 psec were introduced into each adja- tude less than 10% that of the red component, whereas in the
cent beamlet by incrementing the optical path length in each
step of the echelon. If the laser bandwidth Aw is sufficiently
large that the laser coherence time -r, = 21r/Aw is shorter
than the optical delays introduced by the ISI echelons, then
the resulting focal distribution on target will be smooth on M- WAN

time scales long compared to the laser coherence time.
Measurements of 3w0 /2 radiation from the target were

taken with the ISI echelons in place at four distinct laser 0 .
bandwidths covering a range of three orders of magnitude. XF

At the broadest two bandwidths, AA = 10 and 5 A, the laser WIoC-oN
coherence times r, satisfied the criteria (-r,<2 psec) for
beam smoothing with our echelons. At the intermediate
bandwidth cases, AA = I A, -r, is approximately five times ARGST

greater than the minimum optical delay between beamlets "' t rme.,. @Ak's Oren K"'") i 0
introduced by the ISI echelons, but some residual beam i"
smoothing does occur. Finally in the extreme narrow band-
width case, in which the laser pulse is time-bandwidth limit-
ed, the laser bandwidth is AA = 0.01 A. The laser coherence
time r, here is approximately 500 times greater than the ,. ""U

minimum optical delay introduced by the ISI echelons and FIG. . Experimental arrangement for 3w, /2 ISi interaction expeimet
the resulting beam intensity profile on target is highly non- showing two beams with and without ISi echelom, and position of the 6.
uniform. ber-optic 3on,/2 collectors, spectrograph, and OMA as well as the x-ray

The experimental configuration of both beams, target, detector assembly.

1480 Phys. Fluids B. Vol. 3, No. 6. June 1g91 Psywe ta. 1480



106lo '°' 0.1A"00 '
* 110'

0 01%%. 4.e

10

',-13 0 0e Ul-IO A
3~ &a A-0.1 A

AVE. LASER INTENSITY (10'4 W/cm2 )

0.6- a~~~~chdon a fo Ibur •k for two codlectio angla ai and qupwa
demote IVO, diamont ands tr* denote•M€anc0

60.6

0.4 cated by upward arrows may be below the actual values by as
much as a factor of 2 due to detector saturatimo, however,

M o this does not alter the qualitative picture deocribed above.
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widthO.O1 A(-). and broad bandwidt 10 A (-), shown noralized
to ter amimnm vaiu, Mw The, oph crspodn to the 3&./2 fk%- cay growth rate is given by r - /e3./4.2-'S At the param-
quency i indicated as 2;/3. etrs of the present experiment, the maximum growth rate at

incident laser intensities of I X 101" W/cm2 is _ = 5.7 X 10's
s- compared with values of bandwidth of 3.45 x 1032
sec-' for the AA = 5 case and 6.68X 102 sec- 1for the

broad bandwidth case the blue component is over 0% the ~AA, 10 A case. At the irrdiances ofthe experiment report-
amplitude of the red component. Although the effect of ed here, the growth rate of the two-plasmon decay intabiity
broad bandwidth ISI is to reduce the overall level of Cmia- is roughly comparable or only slightly less than the largest
sion, the red component carrying most of the energy seems laser bandwidths--a region where present theories of the
to be damped more strongly than the blue component. The effects of bandwidth on parametric instabilities do not strict-
wavelength shift from the nominal 2Ao/3 value for the red ly apply.
and blue components is virtually the same for the w Experiments have been reported showing suppression of

3wo/2 emission in filaentary channels using broad band-
S. Rel@ *oafptud thaSe / ehiiisa width (30 A), low energy (10 J) and short pulses at 1.06

The use of broad bandwidth ISI results in a significant ism." In that study, however, time-integrated laer intensity
reduction in the overall level ofthe 3oio/2 radiation. Figpre 3 distributions at an equivalent focal plane appear highly non-
shows the effect of bandwidth variation in conjunction with uniform for narrow bandwidth and smooth at broad band-
IS! echelons on the overall level of the 3o/2 emission ob- width suggesting that the combination of lowf # optics and
served at the 10W and 150( collection angles. The incident chromatic aberration of the final focusing lens may have
laser intensity was determined by fitting densitometer line- smoothed the laser profile in a manner analogous to ISI. It is
outs of the equivalent focal plane distribution to the ideal ISI therefore unclear whether the reported suppression of the
intensity profile I = Io sinc(2=rx/d) and then calculating harmonic emission in that experiment can be attributed to
the average intensity within the full width at half-maximum bandwidth or beam-smoothing effects. Similarly, in the pres-
where d is the diffraction envelope width. The use of broad ent experiment, it is not possible to clearly distinguish
laser bandwidth (AA = 10 and 5 A) reduced not only the between bandwidth and beam-smoothing effects becaue of
amplitudeof the 3w,/2emision ascompared with the inter- the large illumination nonuniformities present in both the
mediate (AA = 1 A) and narrow bandwidth (AA = 0.01 A) ISI-echelon beam at narrow bandwidth and the no-echelon
cases, but also the rate of increase of the amplitude with beam at all bandwidths. Nonetheless it is interesting to ex-
increasing average laser intemity. Data points in Fig. 3 indi- amine the intensity dependence of the 3w,/2 emission at the
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four bandwidths for a laser with no ISl echelons. lo 1b-
A comparison of results at the four bandwidths with a 3

regular beam (no echelons) is shown in Fig. 4 for the 130" l 00
collection angle. The laser intensity given here is the average Zo 0
value over the flat-top portion of the intensity pattern at the 2 A A

equivalent focal plane. The three-halves harmonic emission t 1o 0 to " .
levels in Fig. 4 show little difference between the four band- £ 164,
widths. At the lower intensities in particular, where the ratio , £ *-d A A"a3on 3w./2 10 A tO-

of growth rate to bandwidth is the smallest, and the largest -, 2 - A
finite bandwidth effect might be expected, virtually no dif- A • X-Ys I A
ference between broad and narrow bandwidths in the 3Ou/2 o 0.o . .* .1 i.o . 2.6o 2. 0

emission is observed on the no-echelon beam. The slopes and AVE. LASER INTENSITY (10" W/cm')

amplitudes for the 3U0,/2 emission across all four band-
widths for the no-echelon beam are comparable to the inter- FIG. 5. Correlation between time- and space-intlera•ed hard x-ray me&-
mediate and narrow bandwidth with the ISl-echelon beam. surernents (ratio of hoeectron energy to theincident lawr energy) and the130' collection angle 3U./2 data at broad bandwidth (10 A) and narrow
In the presence of large illumination nonuniformities char- andwidt 0 A) for the 151-echelon beam
acteristic of the no-echelon beam, broad bandwidth alone
does not reduce the level of the underlying two-plasmon de-
cay instability. As in Fig. 3 above, data points in Fig. 4 indi-
cated by upward arrows may be below the actual values by as (10 A) and the intermediate bandwidth (1 A) for the ISI-
much as a factor of 2 due to detector saturation. echelon beam.

Hard x rays produced by suprathermal electrons under-
C. Rumn and hard xgry data going collisions with the cooler background plasma can be a

An array of photodiode detectors with narrow band in- signature of either Raman or two-plasmon decay.3" In con-
terference filters as well as time-integrated spectroscopy trast to the x-ray data and the 3oio /2 data, the Raman spec-
were used to monitor Raman spectra in the region 6500 to tra was nearly completely suppressed at the &A - 1 A band-
9500 A. The peak Raman signal was obtained near the 750 width in agreement with earlier reported results. Figure 6
run wavelength. Copious Raman emission was observed for compares the Raman backscatter near 750 nmu and the
both the no-echelon beam at all bandwidths and the ISI- 3wo /2 emission backscatter for an ensemble of shots with
echelon beam at the narrowest bandwidth AA = 0.01A. Fin- incident laser intensity from 7.5 x103 to 1.40×1024

ally, time- and space-integrated hard x-ray measurements W/cm. There is significant reduction of Raman at narrow
were also made using a set of silicon p-i-n diodes and scintil- bandwidth (IA) in contrast with the 3woo/2 radiation which
lator/photomultiplier detectors with broadband k-edge fil- did not exhibit any substantial reduction in emission ampli-
termg techniques. The hard x-ray signals were fit to a Max- tude except at full laser bandwidth (10 A). A similar band-
wellian energy distribution and the energy in hot electrons width effect to that observed with Raman was also seen with
determined accordingly following the procedure outlined by simulated Brillouin.1 Although three-halves harmonic radi-
Keck et al." Figure 5 shows the correlation between the x- ation can be generated from Raman occurring at n,/4 as well
ray data and the 3wo /2 data at 130" at the broad bandwidth as two-plasmon decay, the lower threshold and the charac-

l10 0 10t

010CCo •a o 10 tO

00A0 o0 01'
0 101

1. 0 0

0 CA "0 0......-eI 10'
10 o A-1013 w/

0 0I ~ oo

A h,-0.01 A 0.01 0.1 1 10lo., o. " "1. "A 2 LASER BANDIODTH • (A)
AVE. LASER INTENSITY (1014 W/cm2 ) FIG. 6. Comparison of Rama and 3U,/2 signal levels at four bandwidths

for an ensemble of shots with incident intensity I between 7.SX 10• and
FIG. 4. Coamprison oftie- and spectralll Iteated 3 o/ igi for the 1.40x 10" w/cm; showing si0fikant reduction of Ranam at marrow
beam without echelos at four be•dwidths for the collectIon angle of 130' bandwidth ( I A) compared with 3a.,/2. which did not exhibit any subtan-
with respect to the target noiseL tial reduction in emission amplitude eacept at full laser bandwidth (10 A)
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teristic red and blue spectral components of the emission experiments, it is not clear whether the observed reduction in
observed in the present experiment suggest that the two- plasma instabilities with 1Sl is due to a decrease in filamenta-
plasmon decay is responsible for the observed 3w0/2 emis- tion or whether there is an additional effect due to band-
sion.' 7 The anticorrelation between the x-ray and Raman width. The difference between two-plasmon and other pre-
data for the A = I ,A bandwidth is additional evidence that viously observed laser-plasma instabilities discussed above,
two-plasmon decay at quarter-critical is indeed the instabil- however, suggests that very large bandwidth may be impor-
ity responsible for the x rays as well as the 3w0o/2 emission. It tant for interaction physics with any beam-smoothing tech-
is interesting to note that the maximum theoretical growth nique.
rate for Raman is comparable to two-plasmon decay. If tem-
poral bandwidth alone were important for both instabilities, ACKNOWLEDGMENTS
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High-intensity laser irradiation of hollow glass cylinders immersed in a magnetic field results
in plasma expansions strongly collimated in the direction transverse to both the initial
flow and the magnetic field, but jetlike in the direction parallel to the initial flow. Magnetic
fields from B=0 kG to B=10 kG produced plasmas with markedly different
geometrical features. Fast framing camera photographs show the plasmas propagating across
magnetic field lines and undergoing structuring indicative of transverse velocity shear-
driven instabilities. Comparison is made between the observed instability characteristics and
predictions of Rayleigh-Taylor, classical Kelvin-Helmholtz, and the electron-ion
hybrid instabilities. Only the electron-ion hybrid instability is consistent with the experimental
results.

I. INTRODUCTION II. EXPERIMENTAL SETUP

The propagation and stability of collimated streams or The experiments used beams from the Pharos III Nd-
jets of plasmas in magnetic fields is central to a number of glass laser13 operating with wavelength 1054 nm, 2 nsec

important physical problems, including beam heating of Pulses [full width at half-maximum (FWHM)] and ener-

magnetically confined thermonuclear plasmas,' the inter- gies between 30 and 300 J. The intense laser pulse is fo-

spheres, 2  cused onto the interior wall of a hollow glass cylinder toaction of the solar wind with planetary magnetosheadsth intensities ranging from 5 X 1011 to 5 X 1012 W/cm2. The
bipolar flows associated with young stellar objects,3 andthe cylinders had length 3 mm, diameter I mm, and wall thick-
formation and equilibrium properties of extngalactic ness 50 g&m. The cylinder axis is oriented at approximately
jets.4'5 Streaming or counterstreaming plasma flows have 16" from the incident laser beam axis. The cylinder interior
velocity shears that can give rise to a number of plasma wall is illuminated in an elliptical pattern by the circular
instabilities such as the Kelvin-Helmholtz instability.6 The laser focal spot, as shown in Fig. 1 (a). Ablation plasma is
presence of velocity shear in a plasma can dominate the produced directly in the laser-light-solid-target interaction
flow dynamics and the evolution of structures within the process at the cylinder wall. Shadowgraphic images reveal
plasma. that the ablation plasma emerges from the cylinder ends

In this paper, we report laser-produced plasmas that well before the breakup or disassembly of the cylinder.
propagate across magnetic fields and undergo dramatic Thus, the cylinder provides some degree of collimation of
structuring instabilities. Although both Rayleigh-Taylor the plasma emerging symmetrically from both ends. The(magnetic interchange instabilities) and Kelvin-Helm- production of a directed plasma expansion by interior illu-hmagnetic insbtieschare possbibleithes) pent experime, mination of a hollow cylinder is a novel feature of the
holtz instabilities are possible in the present experiment, present work. The extent of the collimation can be further
their growth rates are much lower than those observed in enhanced by immersing the cylinder in a magnetic field, as
the experiment. A modified form of the Kelvin-Helmholtz discu -- below.
instability, i.e., the electron-ion hybrid instability,7 has a The expanding plasma is observed in its self-luminosity
growth rate consistent with the observations. Kelvin- with an ultrafast framing camera-a single-frame Kentech
Helmholtz plasma instabilities have been observed previ- instruments gated optical imager (GOI) with exposure
ously in the laboratory."' However, recent experiments times between 200 psec and 5 nsec.4"-16 Most of the pho-
have uncovered short-scale-length velocity-shear-driven tographs reported here were obtained with 1 or 2 nsec
lower-hybrid instabilities with faster growth rates in laser- exposure times, which were sufficient to freeze plasma mo-
produced plasmas.12 The present results are the first de- tion to within 100-200,Mm. Some images were acquired
tailed observations of large-scale-length electron-ion hy- with 200 psec exposures to verify that there was no loss of

brid instabilities in a laser-produced plasma. information at the longer exposures. Plasma expansion
were photographed at various times from 150 to 2000 nsec
after the laser pulse struck the target. The GOI was cou-

'sPermanent address: Lawrence Livermore National Laboratory, Univer- pled to a Nikkor f/5.6 zoom telephoto lens (100-300 mm)
sity of California, Ivermoe, California 94550. and the focal length adjusted to give different magnifica-
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FIG 2. GOI image of plasma expansion into the zero magnetic field

GATED OCAL taken 525 nsec after the laser is incident on the target with a 2 nsec
IMAGER (GOI1 exposure. The position of the cylindrical target and its relative scale corn- S

not wo scate pared with the plasma expansion is shown. The plasma expands into two
hemispheres, one at each cylinder end. The two components of the plasma
velocity-the slower "shocked" plasma and the fast ablation plasma-are

FIG. 1. Experimental setup. (a) The-laser strikes the interior walls of a clearly visible in the GOl image. There is no evidence of collimation.
I mm diam. 3 mm long hollow glass cylinder at an angle of approximately
16", The high-velocity plasma expands outward from the laser focal spot,
undergoes collisions with the still-intact cylinder, and is ejected out of the
cylinder ends. (b) The laser is incident onto the cylinder located at the measure the plasma expansion velocity distribution. The
center of the Helmholtz coil. The principle diagnostic used in these ex- orientation of the glass cylinder targets, laser axis, GOI in
periments is a single-frame ultrafast framing camera or gated optical the parallel viewing configuration, ion time-of-flight detec-
imager (GOO). tors, and external magnetic field coils is shown schemati-

cally in Fig. 1 (b).

tions, as required. The spectral response of the GOI was Ill. PLASMA EXPANSION DATA
from 300 to 900 nm, determined by the S-25 photocathode.
The photographs shown below were obtained by coupling In the absence of an applied magnetic field, the plasma
the GOI output phosphor to high-speed, high dynamic rapidly expands in the transverse as well as axial direction.
range Kodak TMAX P3200 negative film placed on top of Figure 2 shows a photograph of the plasma expansion with
Polaroid high-speed Type 667 positive film. The Polaroid no applied magnetic field. The photograph was taken 525
exposure was used as a guide for processing of the Kodak nsec after the laser pulse struck the target. The photograph
negative film. reveals that there are two major plasma components of the

The cylindrical targets were located at the center of a expansion centered along the cylinder axis: a fast compo-
24 cm diam pair of coils in a Helmholtz configuration. The nent with velocity 5.5 = 0.5 X 106 cm/sec followed by a
coils provided a uniform central magnetic field adjustable slower component with velocity 2.2 ±0.5 X 106 cm/sec.
from B=0 kG to B= 10 kG, which was effectively steady These two velocity components in the magnetic-field-free
state on the time scale of the experiment. The usual view- expansion are also observed as a clear double-peaked struc-
ing orientation of the GOI was along the external applied ture in ion time-of-flight detector signals.
magnetic field direction and approximately perpendicular The faster plasma is most likely the ablation plasma
to both the incident laser beam and the axis of the cylin- from the original laser-plasma interaction at the cylinder
drical target. This orientation allowed study of the cross- wall, although its speed is a factor of 5 or more below that
field plasma motion. Data were also taken perpendicular to expected for an ablation plasma at the given laser
the magnetic field to provide a view of the plasma expan- irradiance.17 A decrease in the ablation plasma velocity
sion along the field lines, would be one obvious consequence of collisions between

Optical spectra were obtained from different regions of the expanding plasma and the cylinder wall opposite to the
the plasma expansion with an EGG PARC optical multi- laser focal spot in the first 5-10 nsec after the beam is
channel analyzer with a silicon-enhanced intensified linear incident on the target. The slower component probably
array. Both time-integrated and time-resolved data were originates from the denser, shock-created plasma from the
obtained. Spectroscopic measurements made 100 nsec or inside of the cylinder wall caused by the intense pressure
more after the laser was incident on the target show that pulse ( = 1 Mbar) occurring during the laser-target inter- 5
the dominant line emission is from neutral and singly ion- action.
ized silicon atoms placing the plasma temperature in the When a magnetic field is applied perpendicular to the
8-16 eV range. Time-of-flight ion detectors we;e used to cylinder axis, however, there is a significant reduction in
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EDGE (a) are well formed and extend a distance of approximately 3.4
UTAUIJTY cm from the original target location corresponding to a

maximum velocity in the axial direction of about 4.8X 106

LONG BULcm/sec. Behind the jets, the center of mass of the bulk
plasma expansion (from the fast component of the plasma)
is moving with an axial velocity of about 2.5 X 106 cm/sec.

10 (b) There are undulations with a wavelength of 3-5 mm on
both the top and bottom surfaces of the bulk plasma, in-
dicative of an instability. Figure 3(b), taken on a nearly
identical shot to that shown in Fig. 3(a), shows the devel-
opment of the expansion at t= 1050 nsec. The long narrow
jets continue to travel at a velocity v=4.8 X cm/sec.
The bulk plasma expansion, which has an axial velocity of

q (C) about 2.2 x 106 cm/sec also has maintained its speed. The
bulk plasma surface instability is still evident, although it
has not evolved significantly from 200-300 nsec earlier.
Finally, Fig. 3(c) shows a similar expansion at a still later

G 0time (1585 nsec) in which the long narrow jets are still
evident, but their full extent is not visible due to occlusion

SI , I . .L by the Helmholtz magnetic field coils. The bulk plasma
• [, ' ' • : I I I I I j expansion on this shot has a maximum axial velocity of

-5 -4 -3 -2 -1 0 1 2 3 4 5 about 2.1x 106 cm/sec. The original edge instability has
lost its distinctness and has taken on the form of a wedge-

AXIAL EXPANSION (cm) or diamond-shaped structure. Also at this time, an even

slower plasma component can be seen to be expanding

FIG. 3. GOl photographs of plasma expansion into high (10 kG) mag- from the original target location at a velocity of about
netic fields, showing the long narrow jet phenomena, the instability in the 6.5 X 105 cm/sec. This very slow plasma component is
edge regions of the plasma, and the bulk plasma expansion across the most likely residual cylindrical target debris.
magnetic field (a) taken 710 nsec after the laser is incident on the target
with 2 nsec exposure. showing early development of the jets and the edge
instability (b) taken at 1150 nsec with shorter 200 psec exposure (c) B. Plasma expansion across moderate (6 kG)
taken at 1585 nsec with 2 nsec exposure. magnetic fields

The plasma expansions across 6 kG magnetic fields are
qualitatively similar to the higher 10 kG case. There are

the plasma flow perpendicular to the magnetic field and the subtle but interesting differences, however, in the long nar-
cylinder axis. Cross-magnetic field plasma expansions were row jet propagation and in the onset time and character of
observed over a range of magnetic fields (0 kG < B < 10 the edge instability. Figure 4 shows a series of 6 kG expan-
kG), times (100-2000 nsec) and incident laser energies sion photographs. The long narrow jets are clear in the
(30-300 J). The dynamics of the expansions are, in gen- earliest of the sequence, Fig. 4(a) at 600 nsec, but the jets
eral, insensitive to the incident laser energy, but do depend are less pronounced than in the 10 kG case at this time.
considerably on the magnitude of the magnetic fields. In The aspect ratio or collimation of the plasma, that is the
the case of the 10 kG applied magnetic fields, the cross- length to width ratio, is smaller for the 6 kG expansions
field velocity along the cylinder axis is about four times the than for the 10 kG cases. In contrast to the expansions at
transverse cross-field velocity, resulting in the appearance the 10 kG case, there is no visible evidence of the edge
of a highly collimated expansion. instability in the earliest image. At 1000 nsec, however, the

There are three distinct features of these expansions, edge instability is pronounced, as shown in Fig. 4(b), with
which are discussed further below: first, the long narrow a wavelength of 3-6 mm. At later times (1585 nsec), the
jets leading the fast plasma component across the magnetic bulk plasma exhibit the same wedge or diamond structure
field (in the high magnetic field cases); second, the prop- as in the higher 10 kG case, although the overall degree of
agation of the bulk of the slow plasma at constant velocity lateral constriction appears to be less in Fig. 4(c) as corn-
across the magnetic field; and, third, and instability that pared with Fig. 3(c).
appears along the edges of the bulk plasma expansion.

A. Plasma expansion across high (10 kG) magnetic C. Plasma expansion across low (03 kG) magnetic
fields fields

The general features of the expansion across high fields The plasma expansion into still lower magnetic fields,
are shown in Fig. 3. In these photographs, the laser is specifically 3 kG fields, has some important qualitative as
incident on the target from the left and the magnetic field well as quantitative differences from the higher field expan-
is pointed out of the plane of the picture. In the earliest sions. Figure 5 shows a series of 3 kG expansion photo-
frame shown (710 nsec), Fig. 3(a), the long narrow jets graphs. Long narrow jets, which were a pronounced fea-
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ture of the higher field expansions. are not seen at low 0
magnetic fields. Rather, only a small protuberance appears

along the cylinder axis, as seen in Fig. 5(a). The velocity of
the expansion at this point, about 5.3 x 106 cm/sec, how-
ever, is comparable to the maximum long narrow jet ve-

locities seen at the higher magnetic fields and the ablation
plasma velocities seen at zero fields. In contrast to the
higher field cases in which the magnetic field appears to
greatly constrain the transverse motion of the bulk plasma I I ' I ' I I
across the field, at low fields the bulk plasma expansion -5 -4 -3 -2 -1 0 1 2 3 4 5

velocity of 5.0x 106 cm/sec is more characteristic of the AXIAL EXPANSION (cm)
maximum velocities seen in the zero-field fast-component
expansion. The edge instability can still be observed in the FIG. 5. GO! photographs of plasma expansion into low applied magnetic

3 kG expansions, although it appears at later times ( 1200 fields, showing some collimation and jet formation. but at a reduced rate

nsec) and with reduced amplitudes, as compared to higher compared to the high field cases: (a) 3 kG magnetic field at 600 nsec: (b)

field expansions, as shown in Fig. 5(b). Finally, the char- 3 k G magnetic field a 1200 nsec m

acteristic late time wedge or diamond shape develops by

1800 nsec as shown in Fig. 5(c), although the lower trans-
verse collimation of the plasma relative to the higher field
cases makes these structures less dramatic in appearance. D. Plasma expansion along the magnetic field

Expansions into still lower (1 kG) magnetic fields Images of the plasma expansion taken with the GOI
show no evidence of jet formation or instability, yet do viewing orientation perpendicular to the magnetic field and
show some effect of magnetic collimation as illustrated in cylinder axis show that the plasma is free streaming along
Fig. 5(d) taken at 1200 nsec. It is possible that the devel- the field lines, even though its flow is restricted in the
opment of other features characteristic of the high-field transverse direction. Figure 6(a) illustrates this behavior
expansions would occur at later times if our experiment at time 1200 nsec for a plasma expansion across a 6 kG
was of comparably larger dimension. magnetic field. The bumps and wiggles evident on the
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(a) jets leading the plasma expansion across the magnetic field

along the cylinder axis and the expansion of the bulk

plasma perpendicular to the magnetic field immediately
behind the jets.

Figure 7 gives the axial distance versus time for the
* long narrow jets (LNJ) and the bulk plasma leading edge

(BPLE) from an ensemble of shots for the 10, 6, and 3 kG
* magnetic fields. At early times, the scatter in the data

shown in Fig. 7 may be due either to actual differences in
axial velocity on different shots or to differences in the
convolution of framing camera gain and film sensitivity. At
later times (t> 1200 nsec), the change in plasma luminosity
may be responsible for the apparent decrease in the expan-

* sion velocity. The linear curve fits shown in Fig. 7 are
(b) therefore weighted to early times.

In all cases, the tips of the long narrow jets initially

propagate across the magnetic field lines (along the cylin-
der axis) at a velocity comparable to the peak zero mag-
netic field ablation velocity (= 5.5 *0.5 X 106 cm/sec). Im-

* mediately behind the jets, there is, on most shots, a distinct
B leading edge to the remaining bulk plasma. Whereas the

jets propagate large distances at near the ablation plasma
speed, and have almost no dependence on the magnetic
field strength, the bulk plasma leading edge has a weak
inverse dependence on the magnetic field. The mean bulk

B 8=3 kG plasma expansion velocity is about 2.4 x 106 cm/sec for the
10 kG ensemble of shots, 3.3 X 106 cm/sec for the 6 kG
shots, and about 4.0X 106 cm/sec for the 3 kG shots. A
similar analysis of the bulk plasma leading edge velocity

I I I ~ I I j , , , I gives about 4.8X l 6 cm/sec for the 1 kG shots.
i I I Although the jets in the 3 kG case cannot be charac-
-5 -4 -3 -2 -1 0 1 2 3 4 5 terized as "long and narrow" as in the higher field cases,

the velocity of the small protuberance at the expected lo-
AXIAL EXPANSION (cm) cation of the jet is comparable at the more well-developed

long narrow jets observed in the high-field cases. The bulk
FIG. 6. GOI photo perpendicular to the magnetic field showing free- plasma leading edge velocity appears to be only slightly
streaming along the field lines and continued evidence of flutelike insta reduced ompared with the long narrow jet velcity. No jet
bility in the pattern of light and dark stripes parallel to the magnetic field:

S(a) 6 kG magnetic field at i= 1200 nsec with a Insec exposure,(b) 3 kG formation is observed at the lowest magnetic field (I kG).
magnetic field at t= 1200 nsec with a 2 nsec exposure.

IV. PLASMA PROPAGATION ACROSS THE
MAGNETIC FIELD

plasma boundaries in the parallel-field viewing configura-
tion now appear in Fig. 6(a) as bright and dark field- Plasma propagation into and across strong transverse

aligned striations with a 4-6 mm wavelength. These inten- magnetic fields has been the subject of many experimental
sity variations are presumably due to relative increases or and theoretical investigations in both space and laboratory

decreases in the optical line-of-sight path length through plasmas.18 39 Plasma expansion across a magneic field oc-

the luminous plasma. These striations are much less pro- curs in both the diamagnetic and nondiamagnetic limits. In

nounced in a photograph taken at 1200 nsec of an expan- the diamagnetic limit, an expanding high-.# plasma
sion into a B=3 kG magnetic field shown in Fig. 6(b). (innV 2>B2/4ir) effectively displaces the magnetic field

This is consistent with the parallel magnetic field images, from its volume, bending the field lines in the process. The
which show a much less developed edge instability for 3 plasma expansion continues until it reaches the magnetic

kG than 6 kG at this time. stagnation point, where the displaced magnetic energy is
approximately equal to the kinetic energy of the plasma

E. Summary of plasma expansion features expansion. 20.21.25.33 In the nondiamagnetic limit, the mag-
netic field is able to diffuse into the plasma on time scales

Plasma motion across the magnetic field lines occurs short compared with the relevant experimental time scale.
for all applied field strengths. There are striking differ- Cross-field propagation of a plasma mass can proceed
ences, however, in the geometry and stability properties in due to the formation of a polarization electric field that
the high and low magnetic fields. We examine the behavior causes a bulk plasma EXB drift. In the simplest model, the
of the two most salient physical features-the long narrow initial plasma mass can be considered as a rectangular slab
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a I.. I...... I..I.-.I...... tion of the plasma, giving nise to an internal electric field

7 satisfying the equation

6 v 5.7 x 106 cmv2.4x cis E+ (l/c) VXB=0. (1)

Wu5 0 DDThe plasma is then able to continue moving across the
0transverse magneic field at the Ex. x velocity given by

V=ExB/B3, (2)
3

a that is, at nearly its initial velocity.
2 0 Both the density and the velocity are important in de-
1 termining the cross-field propagation dynamics of the

B-. 1 OkG plasma. In the present experiment, the density can be es-
0 . timated from models of mass ablation rates for incident

TIME 5 0 s) intensities comparable to those in the present experimentand from simple geometric considerations related to the
8 .*.... ...... .. .. . increase in volume of an expanding sphere or cylinder of

plasma at a given velocity for a given time. Using the ex-

7 5., x 106CS perimental mass ablation scaling dm/dtx 10 6 found by
6 Grun et aL, assuming a velocity on the order of 5X 106

Scm/sec, and taking silicon as the principal atomic constit- Sou 5 v - 3.3 x 106 cm/s uent, the density ranges from 3 X 1019 cm- 3 at early times
Z K (t=IOnsec) t2x04 cm-3 at later times (t=500 nsec).

4 3t 10 , •t to 2 x
The directed-Pl (4irmn V2/B 2 ) in the present experiment

3 0* thus depends not only on the value of the applied field, but
also on the change in hoth density and velocity in time. At7 ~ ]t=250 nsec into the expansion, the density is on the order 9

1 of 2X 1015 cm- 3 , hence the directed 1 goes from P=30 for

, ,_,_,_,_.______ ,_ , the low-field B= I kG to j=0.30 for the high-field B= 10
0 500 1000 1500 2000 2500 kG. In view of the fact, however, that both the density and

TIME (ns) the velocity in the present experiments are rapidly chang-
ing functions of space and time, the directed plasma P will

.. also be a highly dynamic quantity, and may vary consid- 0
7 v -4.0 x 106 cffVs erably over the duration of the expansion at a given applied

v - 5.4 x 106 cnvs magnetic field.
"• 6 0 The plasma 6 per se is not the only factor governing

Lu 5 2 the nature of the expansion. The degree of magnetic field
. o penetration into or exclusion from the expanding plasma

< * does not depend on the plasma Palone. The diffusion of the
03 magnetic field into the plasma, as determined by thec33
-I plasma temperature and other transport parameters, may

2 be equally important in permitting cross-field propagation
1Eto occur by EX B drifts. The magnetic diffusion time,

8=3kG -. '(41r/i7)L 2/c2, (3)

0 500 1000 1500 2000 2500 depends both on the plasma resistivity 71 and the density
TIME (ns) scale length L. The expansion dynamics may be deter-

FIG. 7. Time evolution of the long narrow jets (LNJ) and the bulk mined when the plasma first exits the collimating cylinder.
plasma leading edge (BPLE) for applied magnetic fields of 3, 6, and 10 The maximum spatial extent of the plasma 10 nsec after
kG. The long narrow jets appear to propagate across the magnetic field the laser is incident on the target is on the order of I mm
lines (along the cylinder axis) at a velocity approximately equal to or less. The scale length for magnetic diffusion may be as
5.5 x 10' cm/sec comparable to the peak zero-field axial expansion ve little as 100 pm at this time. Assuming classical Spitzer
ity. Behind the jets, the leading edge of the remaining bulk plasma ex-
pands at reduced velocities, depending on the applied magnetic field. The resistivity at an initial electron temperature of 100 eV, the
bulk plasma leading edge velocity is reduced to about 2.5 X 106 cm/sec at diffusion time is on the order of 25 nsec. Hence the initial
10 kG. 3.3x 106 cm/sec at 6 kG, and 4.0X 106 cm/sec at B- 3 kG. plasma expansion from the cylinder ends is permeated by

the magnetic field from very early times. Since the initial
expansion occurs primarily in the axial direction due to the

moving at a velocity V normal to the magneic field.' 8' 24  effects of the presence of the cylinder, the induced electric
The action of the Lorentz force on the ions and electrons in field is in the transverse direction to both the applied mag-
the plasma leads to a charge separation and to a polariza- netic field and the initial flow velocity. Collimation effects
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on the expanding plasma are apparent on the framing cam- (a)

* era photographs as early as 150 nsec after the laser incident
on the target.

We have seen that the long narrow jet velocity remains
approximately constant for all applied magnetic fields at AW
about 5.5 X 106 cm/sec-approximately the initial maxi-
mum plasma velocity from the cylinder ends. This is con-

* sistent with the velocity preserving EXB cross-field drift *56kG

mechanism discussed above. The long narrow jet geometry
results from focusing of the ablation plasma front toward (b)
the axis as it propagates across the magnetic field. The uoM
focusing long narrow jets have the same appearance, as

r observed in low-#l cross-field EXB propagation experi-
* I ments described in Ref. 12. There, the focusing is caused

by the EXB force from small axial components of the
polarization electric field that naturally arise from the cur-
vature of the plasma boundary and the axial velocity gra-
dient. The focusing mechanism that causes the long nar-
row jet features in these (higher-#l) experiments is likely
*the same as in the low-fl cases, since the same arguments I , I I , , , I I [ I
apply. There is some magnetic field penetration into the - 2
plasma boundary, even though we are dealing with high-fl 7 6 5 - -1 0 1 2 3

cases, due to the diffusion, which allows an inward (focus- AXIAL EXPANSION (cm)
ing) EX B body force on the boundary-layer plasma.

Ti e bulk plasma velocity is less than the field-free ab- FIG. 8. GOI photographs of plasma expansion from a closed cylindrical
aTo bulkplansma delocrtyileasin ftion ofthefi -e ape target with the laser beam incident from left, showing dramatic vortex

lation velocity and is a decreasing function of the applied structure and roilup: (a) 6 kG magnetic field at 850 nsc with a I nsec

magnetic field, as indicated in Fig. 7. For the 10 kG case, exposure: (b) 10 kG magnetic field at 850 nsec with I nsec exposure.

the directed velocity is reduced almost twofold compared
to the 1 kG case. The bulk plasma propagates close to a
constant velocity for a given magnetic ield, but at a re- tween the two phenomena. The use of simple magnetic
duced velocity compared with the long narrow jets. The probes and diamagnetic loops in laser-plasma expansion
bulk plasma mass speed is close enough, however, to the jet experiments is complicated by the perturbations intro-
speed that both most likely originate in the ablation duced in the flow dynamics by the probes themselves. Non-
plasma. The bulk plasma has lost more of its directed en- perturbative space- and time-resolved optical magnetic-
ergy component than the jet plasma. The bulk plasma be- field measurements using Faraday rotation techniques,
havior observed may be related to the increase in magnetic such as that reported recently by Dimonte and Wiley,
diffusion time as the plasma dimension and magnetic field would be more appropriate for the present experiment. 39

diffusion scale length increase. A more rapid magnetic field
diffusion in the long narrow jets and edge region than in
the bulk plasma could explain the different properties of
the jets and bulk plasma, respectively. A rapid magnetic The instability observed in the present experiment con-
field penetration in the jets permits motion across the mag- sist of "bumps and wiggles" with a 3-5 mm wavelength
netic field at the initial ejection velocity via the Ex B drift, occurring primarily on the edges of the bulk plasma expan-
as discussed above. The slower diffusion of the magnetic sion. The earliest time these are observed varies from 600

* field into the bulk plasma, however, would result in a lower to 1200 nsec depending on the magnetic field strength. In
Ex B d, .-i due to reduced internal field strengths. the standard open cylinder targets used for most of the

The data show only that the bulk plasma expansion experiment, the instability amplitude appears to stop grow-
velocity decreases at increased applied magnetic fields. ing approximately 200-300 nsec after initial observation
Given the otherwise fixed velocity of the long narrow jets and saturate at = 5 mm amplitude (peak to valley). At still
at all magnetic fields strengths, it is this difference in the later times, the instability amplitudes decrease below the

- long narrow jet velocity and the bulk plasma velocity that level of the instrument resolution (typically 100 .tm). In
produces the dramatic elongated structures seen at the the case of cylindrical targets in which the end opposite to
higher magnetic fields, the incident laser was closed by means of an epoxy plug,

It is not possible on the basis of framing camera pho- the onset of the instability occurs at an earlier time and
tographs alone to provide a definitive explanation of the grows with larger amplitude. In both the open- and
difference between the long narrow jet and bulk plasma plugged-cylinder targets, the instability exhibits a vortex-

* propagation. Direct measurement in future experiments of like rollup characteristic of transverse flow-driven shear
the magnetic field in the jet and bulk plasma regions of the instabilities. This vortex structure is especially pronounced
plasma would be helpful in elucidating the differences be- in the closed targets, as shown in Figs. 8(a) and 8(b).
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S.for the 10 kG magnetic field and &g= 1.5 X lol2 cm/sOc2

0 S. kG for the 6 kG magnetic field. The Rayleigh-Taylor growth
08 =3kG

2.5 0 •8._6 time, i.e., the inverse of the growth rate given by Eq. (4)
ABo. 10kG above, corresponding to these decelerations for a scale

S2- 46 #length L. of 5 umm, is on the order of 2-3/sec; this is much
Si* larger than the entire duration of the experiment, and

_ 1.5 a hence classical Rayleigh-Taylor is not strong enough to be
8 # important here.
J I 4 Large Larmor radius versions of the Rayleigh-Taylor

> 0 instability are predicted theoretically to proceed on faster
0. 5 * time scales than the classical (small Larmor radius)

Rayleigh-Taylor instability.3 6"37 There are two Larmor ra-
0dii that are relevant here--the thermal Larmor radius rLT

0 500 1000 1500 2000 2500 given by VT/Or d and the directed Larmor radius rLD given
TIME (ns) by Vlw,, where va, is the ion thermal speed, V is the

plasma flow velocity, and ,i is the ion cyclotron fre-
quency. Assuming singly ionized silicon (Z= 1) and ionFIG. 9. Transverse velocity ot expanding plasma at the location of a temperatures of 10 eV (consistent with the later time spec-

structuring instability for B= 1, 3, 6, and 10 kG from which the plasma tratcoei obs eVations), te thm larm r riuspich
deceleration can be derived. troscopic observations), the thermal Lamor radius in the

present experiment is approximately 5.7 mm for B-=-3 kG,
2.8 mm for B-=6 kG, and 1.7 mm for B=10 kG. This is

There are three candidates for the mechanism driving comparable to the density scale length ( = 5 mm) and
the observed instability: the Rayleigh-Taylor instability, small relative to the expansion radius. The directed Lar-
the Kelvin-Helmholtz instability, and a lower-hybrid, non- mor radius for V= 2 X 106 cm/sec and B= 10 kG is some-
local velocity-shear instability. The first two instabilities what larger, rLD=5.8 mm, but is still comparable to the
are the well-known and extensively studied classical hydro- scale length. The most important condition for the large
dynamic instabilities. In the present experiment, the ob- Larmor interchange instability is that the Larmor radius be
served instability has a vortex or eddy structure, and does large compared with the density scale length of the expand-
not appear to have the classic spike and bubble morphol- ing plasma. This is not clearly satisfied in the present ex-
ogy usually associated with Rayleigh-Taylor. The presence periment, using either the thermal or directed velocity. The
of a strong velocity field in conjunction with magnetic in- onset criterion for the instability is yo > wa,, where
terchange could, however, produce vortexlike structures yo= (g&ff/L,) 1 /2 is the maximum growth rate of the
similar to the classical Kelvin-Helmholtz instability. It is instability. 3' 03 7 Using the experimental value for get and
therefore useful to make a rudimentary comparison of the assuming L,,=5 mm, this criterion is similarly not satis-
relevant growth rates for each of the two instabilities, fled. Smaller values of L. make yo comparable to woi, but

The classical Rayleigh-Taylor growth rate A-RT for a there are additional reasons why the observed instability is
plasma decelerated by a magnetic field in the short- unlikely to be the large Larmor interchange instability.
wavelength limit (kL,, > I) is given by These include the restriction of the instability to the edges

- 1/2, of the plasma, the apparent saturation of the instability
' ( after several hundred nanoseconds and the lack of bifur-

where gff is the effective deceleration due to the magnetic cated structures, which are all in contrast with observa-
field and L4 is the density scale length. In principle, the tions made of the instability from a planar target in an
effective deceleration can be estimated by equating the applied magnetic field.26-'7
plasma kinetic energy decrease to the excluded magnetic The Kelvin-Helmholtz instability depends on the free
field energy in the volume. Assuming a radi-.l expansion at energy in a velocity shear layer and does not require a
each cylinder end, transverse deceleration of the plasma. The vortex rollup

ger(t) ---B2R2(t)/2m0, feature of the Kelvin-Helmoltz instability (and any trans-
verse flow-driven velocity shear instability) is an important

where R (t) is the radius of the plasma expansion and m 0 is signature, although, as noted above, it can be mimicked by
the total plasma blob mass. The plasma mass (i.e., the interchange instabilities in the presence of velocity fields.
plasma that undergoes both the cross-field propagation and The growth rate of the instability is more relevant, and
the structuring instability) could not be reliably deter- definitive, for identifying the nature of the instability. The
mined with the diagnostics available on the experiment. classical Kelvin-Helmholtz instability is characterized by a
However, the magnetic deceleration can be obtained di- velocity shear length L, greater than the Larmor radius pi
rectly from the'GOI photographic data. Figure 9 gives the (i.e., ions are magnetized) and a wavelength parallel to the
transverse velocity of the expanding plasma at the location flow (or transverse to the, .,pplied field) greater than the
of the structuring instability as a function of time for all shear scale length (i.e., kyL,= 1, ky=2ir/A,). This insta-
four magnetic fields strengths (1, 3, 6, and 10 kG). Linear bility is driven by the gradient in the transverse flow shear
fits to the data give decelerations g --=2.0X 1012 cm/sec_ , tne ions, i.e., d2 VE/dx2, where VE is the velocity of the
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0.2 (VE/L.), and a maximum growth time (r,) for a num-

ber of experimental conditions. Figure 10 indicates that the
maximum Kelvin-Helmholtz growth rate occurs for
0kL,= 1, and the corresponding growth time can be ob-

taned from
0.12

2v 2rS0 .0= • ( 7 )
*00 -K y 0.16(VE/L.)(7

The growth time, therefore, for the first of the 10 kG

0.04 shots listed in Table I with an edge velocity Vr of 2.2X le0
cm/sec and a velocity shear scale length L.= 1.5 mm is
rK•-=-2.6 Asec; this is also longer than the experiment du-

00 1 2 3 ration and therefore not in agreement with the observed

kL =2xL onset times. A slightly higher growth rate can be obtained
by taking the maximum plasma velocity rather than themean edge velocity, VEZ4 .4 X× 10' cm/sec, but it still gives

FIG. 10. The Kelvin-Helmholtz growth rate obtained from nu al g h fn edxc oe cxperimenitdrtion gi

analysis with velocity profile VE= Vo sech 2 (x/L). a growth time far in excess of the experiment duration. If
we assume that a minimum of 3-5 e-foldinp are needed for
the instability amplitudes to become large enough for ob-

edge layer and x is the direction transverse to both the flow servation, then we need a growth time = 100-300 nsec, as
and the magnetic field. The electrons do not play a major opposed to microseconds, as estimated above.
role. We assume a profile, given by While the classical Kelvin-Helmholtz has a growth

rate far too small to account for the observed instability,
VE(x)=ssech2 (x/L.). (5) there are both fluid and kinetic treatments of a modified

The differential equation for the Kelvin-Helmholtz disper- version of the Kelvin-Helmholtz instability with apprecia-
sion relation can then be solved numerically, bly larger growth rates. Ganguli et aL 7.40641 and NishikMwa

et aL42"43 have developed a kinetic theory that predicts the
(d 2  k,V,(x)" (6 ) existence of a faster growing velocity-shear-driven instabil-

S • k.V(x) ities in the limit of large or comparable ion Larmor radius

where the magnetic field is in the z direction, the nonuni- relative to the velocity shear scale length. There is also a
form cross-field flow VW is in the y direction, while the fluid treatment of the Kelvin-Helmholtz instability in the

dominant inhomogeneity is in the x direction. The growth limit of large Larmor radius that predicts the existence of

rate for classical Kelvin-Helmholtz YKH is shown in Fig. a faster growing instability mode, albeit with a growth rate

10. at the ion cyclotron frequency fI,---considerably slower

The relevant velocity for estimating the growth rate of than required to explain the structure seen in the present

the shear-driven instability in the present experiments, the experiment. a
edge velocity ( VC) can be obtained from the mean velocity Ganguli et aL' assume unmagnetized ions and magne-

of the plasma expansion at the approximate location of the tized electrons, and then write the Poisson equation as a

observed instability. The shear length similarly can be es- dispersion relation of exactly the same form as the classical

timated from the thickness of the edge layer itself. Table I Kelvin-Helnholtz given above,

gives a tabulation of the edge velocity (VE), shear scale
length (L.), the thermal larmor radius (prr), the ratio of (d 2 _k,2(x))
edge velocity to shear scale length or the shear frequency _ -k +F(w) w-kVE(x) ) ---0, (8)

TABLE I. Plasma expansion parameters required for calculation of classical Kelvin-Helmholtz growth rates, including the edge velocity (VE), shear
scale length (L,), thermal Larmor radius (PAT), ratio of edge velocity to shear scale length or the shear firquency (VE/L,), and maximum growth time
(N-H). The figure numbers in column one identify the GOI images used for these calculations. The growth rate 7H for classical Kelvin-Hedbholtz is
far too small to account for the observed instability.

(3) p,T VE L, VEIL, T KH
Figure (kG) (mm) (cm/lsec) (mm) (MHz) (jusec) Target

3(b) 10 1.7 2.20 1.5 14.67 2.67 open
3(a) 10 1.7 2.O 1.5 13.33 2.95 open
4(b) 6 2.8 2.00 3.0 6.67 5.89 open
5(b) 3 5.7 2.00 6.0 3.33 11.79 open
*(b) 10 1.7 3.5 1.5 14.0 2.30 plug

$(a) 6 2.8 3.50 2.5 23.33 1.68 plug
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0.06 . . nsec), where again it is assumed iiat several e-folding

times are needed before the instability is observed. The
0.05- experimental kJ4= 12 is close to the maximum growth

rate according to the numerical solution of the dispersion
0.04 relation above, which gives k,L,= 18. It should be noted

here that the theory above is linear and pertains to the
•0.03- conditions at the instability onset that are not directly oh-

servable in the present experiment with the available diag-
0.02 nostics. By the time the instability reported here is ob-

served, it is near the fully developed, nonlinear state and
hence the shear (i.e., the value of the a parameter) may

0.01 have already relaxed from its peak value. However, even at
_. 2this reduced value of a (z10-4), the growth rates pre-

015 '1 1 .... 7 18 19 1- 20 , .... dictd by the theory are consistent with the experimental
k L *2nLA data. The observed difference in instability onset time for

the different magnetic field strengths is due primarily to the

change in the shear parameter a caused by the increase in
FIG. I. Electron-ion hybrid growth rate obtained from numerical anal- shear scale lengths at lower applied magnetic fields. Al-
ysis for silicon with an electron-ion mass ratio of 5.125x 10' and velociy though plasma velocities remain relatively high in the low
shear parameter a=10-4. magnetic field expansions, the lack of sufficient Ex B col-

limation appears to reduce a below levels required for ob-
where -=w n, servation of the instability.and F, 2 2 t+) loe-hbi fre- Plugging one end of the cylinder produces dramatic

and Latpofl,/(m,•+fl,) is the lower-hybrid fre-
t e changes in both the expansion parameters and the resultingquency. The important difference in this dispersion condi- instability, as seen in Figs. 8(a) and 8(b) and summarized

tion, as compared with classical Kelvin-Helmholtz, is that in Table I. The GOI photographs show that the plasma
there is an additional resonance at W=WhH that is intro-
duced via F(wo). This mode is driven by the gradient of the velocity in the plugged cylinder expansions is considerably
transverse flow shear of the electrons, but unlike the clas- greater than in the open cylinder expansions. This may be
sical Kelvin-Helmholtz instability here the other species, deo ce s in the geo metryo the tweai of
the ions, play an important role by introducing the reso- proess The ablato in the two ty enacearun te owr-ybidfrqunc. urhemoe, targets. The increase in the expansion velocity from theInance around the lower-hybrid frequency. Furthermore, plugged cylinders is especially interesting, in view of the
unlike the classical Kelvin-Helmholtz, this instability is pltgg e yl smi espanyin te e in vieot
sensitive to the ion to electron mass ratio and is character- fact that the plasma expansions from the open cylinders
ized by a higher frequency and shorter wavelength than the did not exhibit any dependence on the incident laser en-
Kelvin-Helmholtz instability. A recent detailed analysis of ergg. It would be useful in future experiments with the
this instability indicates that it is not stabilized by sharp plugged cylindricalre ta tsito decrease the incident laser
densityenergy and ompare the expansion dynamics with that of
curenit. 45  the open targets. The instability is also observed to persist 0current.to longer times for plasma expansions with the plugged

This equation can be evaluated numerically, as shown cylinder targets. Finally, there is an increase in either thein Fig. 11, for conditions similar to those in our expert temperature or density (or both), leading to an increase in
ment, namely 6 = wpe/fl, = 5 and a = VE/LAn the luminous emission Compared wt h pnclne-1_2.5 X 10-4, Where VE is the maximum flow velocity, th uioseiso oprdwith the open cylinder

-2. th whersae lengthd is the maximumtflow velocityn plasmas. It should be noted that while the edge velocity has
L, is the shear scale length, and fl, is the electron cyclotron increased by almost a factor of 2, the scale size of the
frequency. The parameter a is a measure of the magnitude velocity shear either remains of the same order or becomes
of the velocity shear-larger values of a imply stronger smaller with the plugged targets, as compared with the
instability. In addition, we have used the electron to ion
mass ratio for silicon, namely me/28m,=S5.152 × 104, open cylinders. The increase in the edge velocity at a given
where m, is the electron mass and m. is the proton mass. applied magnetic field with the same or reduced shear scalewhegrewth rate is r the electronmassand hyr ins tlthe pt on m length results in a larger value of the shear parameter aThe growth rate for the electron-ion hybrid instability for and hence a stronger instability, i.e., a more abundant 0
a=10-4 is y-=0.05w•, from Fig. 11. At applied magnetic

fields of 10 kG and densities on the order of 10"4 cr-3, source of free energy to drive the instability, resulting in

characteristic of the time in the expansion at which the earlier onset, greater amplitudes, and longer persistence

instability is observed, oLH =7.5X l08 rad/sec. The maxi- times.

mum growth time for the instability according to Fig. 11 is VI. SUMMARY AND CONCLUSIONS
given by Laser-produced plasmas from the inside of small, hol- S"Tr2 1r/0.05(LH, (9) low glass cylinders immersed in a magnetic field evolve
which gives r= 170 nsec for our case. This is in good agree- into plasma structures that are strongly collimated in the
ment with the experimental onset times (t= 500-600 direction transverse to the cylinder axis and magnetic field
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Sub-Alfvenic plasma expansion
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A large ion Larmor radius plasma undergoes a particularly robust form of Rayleigh-Taylor
instability when sub-Alfv6nically expanding into a magnetic field. Results from an experimental
study of this instability are reported and compared with theory, notably a
magnetohydrodynamic (MHD) treatment that includes the Hall term, a generalized kinetic
lower-hybrid drift theory, and with computer simulations. Many theoretical predictions are
confirmed while several features remain unexplained. New and unusual features appear in the
development of this instability. In the linear stage there is an onset criterion insensitive to the
magnetic field, initial density clumping (versus interchange), linear growth rate much higher
than in the "classic" MIID regime, and dominant instability wavelength of order of the plasma
density scale length. In the nonlinear limit free-streaming flutes, apparent splitting (bifurcation)
of flutes, curling of flutes in the electron cyclotron sense, and a highly asymmetric expansion are
found. Also examined is the effect on the instability of the following: an ambient background
plasma (that adds collisionality and raises the expansion speed/Alfv6n speed ratio),
magnetic-field line tying, and expansion asymmetries (that promotes plasma cross-field jetting).

I. INTRODUCTION gradient length, the Rayleigh-Taylor instability in the
MHD regime is predicted to sabiize6 Although there isPlasma expanding into a magnetic field can undergo susata inirc evidence that fiite Larmor rdu

several forms of the classic Rayleigh-Taylor instability, as substabilizatio ncc th as note to rur

depicted in Fig. 1. The Rayleigh-Taylor instability, origi- (Fc i e) stabiliratep occurs, theri has not been, to our

nally formulated for ordinary fluids, Ioccurs when a heavy when the ion Lcarmor radii becomes large compared to Ly

fluid is decelerated (or supported) by a less dense fluid; the en u ized ions but magnetized lctron), a

fluids tend to interchange positions into a lower energy Ryig rie instbut retiz elcrosa

stae yn cassc bbbl-an-spke ormtio. Te aalo Rayleigh-Taylor-like instability returns in a particularlystate via classic bubble-and-spike formation. The analo- routfM.-Thsnwegm shepiayocsf

gous Rayleigh-Taylor instabilities for a conducting liquid2  robust form.7"n This new regime is the primary focus of
andu s paper. Instability w observed in this rime duringand agntohyrodnami (M D) pasm (hevy lu- the course of the Active Magntetospheric Particle Tracer

ids) moving across a magnetic field (fight fluid) were for- Exersent A cte barmelesperimenT'a
mulated in the 1950s. MHD theory is applicable to plas- Experiment (AhOTE) barium-release experimentl and
mlatd win th e lengths Mand theory isdapplicab sale r tin the recent Combined Release and Radiation Effects Sat-
thans with Debyc lengths and Larmor radii much smaller ellite (CR.RES) magnetospheric barium releases," and in
than any characterstic dimensions and time scales much ase-proucped-pism exerments 2 We expand upon the

longer than an ion cyclotron period. The Rayleigh-Taylor l e r adu s (liininsity study dc e
growth rates for these MHD Rlinds are the same as for large Larmor radius (L.R) intblty study dumWbe by

growh rtesforthee M D flidsarethesam asfor Ripin et aL in Ref 12; we point out several new features
ordinary fluids with greatly differing densities, namely, f i n subsequentexpeint and exend cmarsnymm= (g)'' or har inerisc an ym =(gl.) /2 found in subsequent experiments and extend cmmm

forn ( f sharp interfaces and gain (g/Le)"/2  with theory and computer calculations.
for interfaces with a density gradient leagth, The paper is organized as follows. We introduce sub-
Lthe ins(n)/bt 'where k>o L'. Anotherwayofstating eAfv~nic plasma expansion in a magnetic field concepts in
the instability crierion is that the effective acceleration, , the next section. The experimental arrangement and results
be opposite to the density gradient at the location of the are then described and the results are compared in detail
interface between the two fluids. There can be several with theory. Finally, a summary and conclusions are of-
sources for the adverse acceleration as shown in Fig. I, feran.

although the primary effective g that will concern us in this

work is deceleration of the plasma by the excluded mag-
netic field.

The Rayleigh-Taylor instability (also known as inter-
change instability) was first observed clearly in a labora- IL SUB-ALFVENIC PLASMA EXPANSION
tory plasma-gun experiment by Dickinson et aL,4 and in
many of the early magnetic fusion exeriments.5 When the We review theory relevant to understanding expanding
plasma ion Larmor radius is comparable to the density plma/magntic field Rayleigh-Taylor instability, partic-

ularly in the large ion Larmor radius regime. Mot of the
"results come from the modified MMD treatments of Has-

CA•flLfon sam and Hubs' and computer simulion." We also point
"Pionn addres .St tnc., Aexmadi VuoiL. out some features of alternative descriptions such as a gen-
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FIG. I. Rayleigh-Taylor instabiity of a plasma expsadinS into a nag- LLR
octic fGld (a) Field sahpid plasma flunt appasr m the exammon front
durms de0elatwo by the magns c fieLd. Raylegh--Taylor imtabty an
be driven by radial deceleratio canutipetal acclerantio. or pres= pra--
dUma at plsma bounWary (drift instlty). j -. 0

eralized lower-hybrid drift instability"3 (GLHDI), and
OdMM14 We begin With estimates of the expansion prop- FIG. 2. Model of drift force driin the growth of the MlD-regme
erties of the bulk plasma. Rayleigh-Taylor instability (top) and LLR-regin Rayleigh-Tayior in-

stability (bottom). Drif motion of the electron poplation caused by S
A. Pkama expoolon In a unifom magnetic feleN W V electa r fI- lds f so up by the aw-lec n at the plasm

boundary reslt in a LLR growth rate much higher tham the coventional
As the plasma expands, it pushes the magnetic fiel W growth rate (which is driven primaly by ion drifts driven by

ahead of it because internal diagmnagnetic currents arise to gXMv ona force).
exclude the field from its interior. The plasmas we consider
here are sufficiently conductive that field excluston should
be nearly complete and the coilisionless skin depth, c/o,
determines the field penetration into the plasma boundary. I.L Unea LLR-Rayligh-TayIor irstabilty t#mery
If, maximum expansion is determined predominantly by
the work the plasma does to push the magnetic field out of A physical picture of forces driving the Rayleigh-
its volume, then the stopping radius can be simply esti- Taylor instability is depicted in Fig. 2. The plasma/
mated from conservation of energy relation, magnetic field interface perturbations grow in response to

electron and ion component drifts, Vd,.,-=-F* XB/qB2 ,
Eo= MV•+' , 1) induced by forces, Fd,, acting on the populations at theunstable interface boundary. The ions and electrons drift in

where, I is the volume of the excluded field (plasma vol. direct response to the effective gravitational force in the

ume), V'd is the expansion speed (Vd=O at the magnetic conventional MHD-Rayleigh-Taylor instability, indicated
confinement radius, Rb), M is the total plasma mass, B is in Fig. 2(a). The ion-to-electron drift ratio is large, ap-
the magnetic field, and E0 is the total plasma energy. Of proximately the mass ratio. The resulting charge separa-

cours we are neglecting radiation losses, thermal energy, tion creates local electric fields, 6E, which then drive the

incomplete field exclusion, internal Ohmic heating losses, perturbation amplitude larger through 6EXB drift In
etc., here; but, these corrections are small for the plasmas contrast, the large ion Larmor radius situation, shown in
we consider. Assuming spherical symmetry (I---41R/3), Fig. 2(b), has in a similar charge separation and pertur-
the nominal magnetic confinement radius obtained from bation growth, but driven by a much different mechanism.

Eq. (1) is Here, the electrons are restrained by the magnetic field and
"feel" the adverse deceleration, but the unmagnetized ions

Rtb= 31 (2) can stream ahead of the plasma front and create a strong
b= it •2 inward-directed electric field, E0 , at the boundary. The

electrons respond to the large E0XB drift, but the ions,
where Bo is the initial ambient magnetic field. being effectively unmagnetized, do not. The resulting force

The effective gravitational acceleration associated with on the perturbations in the LLR limit are in the same sense
the plasma deceleration, g= -dV/dt, obtained from Eq. as that of the MHD regime but are much stronger. This
(1), is results in a much higher instability growth rate than the

2-rB 2R 2  conventional MIlD-Rayleigh-Taylor. Additionally, the
g= ' (3) different sources of the driving drifts in the two cases, cause

many different instability growth characteistic
where spherical symmetry has again been assumed. Thus, Hasum and Hubs7 first described this instability using
the effective deceleration is proportional to B2R2 and the a nonideal MID treatment that allows terms proportional
magnetic confinement radius has a B-213 dependence. The to p/L, or w/o/i to be larger than unity, i.e., the Hall term
coefficients of Eqs. (2) and (3) are modified in a straight- is included. Their papers should be consulted for details of
forward way when the expansion is not totally spherically the derivation. The ion cyclotron frequency is denoted by
symmetric, as is the case in some of the experiments. cok and the directed ion Larmor radius by p,. They obtain
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a dispersion relation which includes the standard magne- diamagnetic drift (VVd,=cT/eBL,,) and the Pederson drift
tosonic waves and a LLR term (Hall term) that dominates [VP=(v,,/c,);V, where v,, is the ion-neutral collision
in the large Larmor (p/LL. 1) or 'igh-frequency frequency and V. is the neutral flow velocity]. Because of
(&w/o,) 1) limit. In the short wavelength (kL> 1) limit, its similarity to the lower-hybrid-drift instability (driven
the Rayleigh-Taylor growth rate becomes, by Vd,), the LLR instability has been referred to as the

YLLR~kL MD for k> L-,(4) generalized lower-hybrid-drift instability. 16 The theory also
included finite-0 effects, collisional effects, and neutral

where Y.•uD=(g(L,)1/2 is the usual MHD-Rayleigh- flows. The major differences between kinetic theory and
Taylor growth rate. The growth rate increases linearly with fluid theory are the following: First, the kinetic treatment
wave number k. In the long wavelength (kL,,<1) and predicts the maximum linear growth rate at kp=0 O(l),
LLRlimitsthegrowthrateisy =(kg/A)1/2, where A is the where the thermal electron Larmor radius is given by
Atwood number [A=(n 2-n,)/(n 2+n,), where the sub- p= (T,/m,) 1/2/w; this is a finite electron Larmor radius
scripts denote the plasma on either side of the boundary]. " effect that is not included in the fluid theory. Second, the
This growth rate is quite different from the usual MIID instability is driven by an ion-wave resonance (Le., inverse
growth rate in the long wavelength limit [y= (kgA)1/2]. Landau damping) in the weak drift regime (gV< v, and
One interesting difference is that the instability proceeds at Va < vj, where v,, is the ion-thermal velocity); again, an
a lower rate for higher gradients (or Atwood number) in effect not included in fluid theory.
the long wavelength limit because in this case more mass is
accelerated than for a weaker gradient over the same scale
size. D. Colllsional limit

A characteristic of the LLR-instability development The effect of collisions on the LLR instability is dis-
distinct from the usual MHD mode is density clumping. cussed in detail in Huba et aL ,3 They find that electron
Density clumping occurs in the LLR limit because fluid collisions v,(v1 =v.,+ven, where v, is the electron-ion col-
flows are nearly irrotational (V X u = 0 ) and allow n = V -u lision frequency and v,. is the electron-neutral collision
flow. Thus, density clumping, rather than pure density/B- frequency) are stabilizing. This is primarily a diffusion ef-
field interchanges (as in the usual MHD case, where fect which smoothes out density perturbations; a damping
V X u*O and V- u-=0) is the expected action in the LLR- term is introduced cck 2

1 D, where D, = v'p2 is the electron
instability development.7  diffusion coefficient. The effect of ion-neutral collisions on

Another, interesting property to come out of this LLR the instability depends upon ion temperature. In the cold
treatment is the existence of an onset criterion, which turns ion limit (i.e., when V.> vi,; the fluid limit), ion-neutral
out to be independent of magnetic field strength. A de- collisions are stabilizing. In the strong collisional (v,)>w),
layed, magnetic-field insensitive, onset was originally found low-frequency limit (w<"h. , where at is the lower-hybrid
in the experiment12 and subsequently shown to drop natu- frequency) the growth rate is y= OcgL,/v, where it is also
rally out of the dispersion relation.9 The onset criterion assumed that )h>v,• and v,.>kL,/d. However, in the
requires that the growth rate be sufficiently high to over- warm ion limit (i.e., where V. < vi,; the kinetic limit), ion-
come the FLR stabilization terms that tend to quench the neutral collisions are destabilizing. The reason for this is as
instability. The requirement for instability onset is follows. In the weak drift regime the instability is driven by

y'MmH w,/2, (5) inverse Landau damping of the ions in the presence of a
negative energy wave; ion dissipation provided by the ion

which, using Eq. (3) for g, predicts a magnetic-field inde- Landau resonance causes the wave to grow. Ion-neutral
pendent onset at a critical radius, Re, expressed by collisions provide an additional dissipation mechanism,

L eZ (6 and thus, enhance the growth rate of the instability.
R,=•• i (6)

The criterion for the instability to occur at all is, naturally, E. Nonlinear LLR-Raylftgh-Taylor computer
that the onset radius, Re, be smaller than the magnetic simulionr
confinement radius, Rb, given by Eq. (2). Thus, the LLR Computer simulations have been primarily used to fol-
instability will not appear if the total plasma energy con- low the instability development into the nonlinear
tent is too low, below a critical energy E, given by regime,&,'H 6'20 although some analytic theory was re-

E,=,R'Bo/2. (7) ported in Ref. 19. The first nonlinear simulations of the
Rayleigh-Taylor instability in the large Larmor radius
limit were reported in Huba et aL8 It is evident that the

C. Generainzed iower-hybrid-drtft instability approach basic character of the LLR instability is quite different
The initial theory of the LLR instability was based from the usual MHD-Rayleigh-Taylor instability in the

upon Hall MHD theory.7' 9 However, a number of kinetic nonlinear regime. Simulations of the laser experiments pre-
calculations have since been performed. 3"'6 The most de- sented here are based upon a two-dimensional (2-D)
tailed kinetic calculation is given by Huba et aL 3 In addi- MHD code which includes the Hall term. Details of the
tion to plasma drift caused by the gravitational accelera- code structure, its limitations for describing the three-
tion (V,=g/aw,), the kinetic treatments include the dimensional (3-D) problem, and its initialization for these
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o msec quarter-period rise time and is essentially steady stateLae Beam-I
LAW 11111- 1on the time scale of the laser-pulse (3.5 nsec) and

expansion/instability dynamics ( < IMpsec).
i2,gaalsm Dezloy Several diagnostics are used to measure the properties

HehrlolC Gated optical imager of the initial plasma and the development of the plasma/ S
Coil Probe Beam ion time-of-flight

dB/dt probes magnetic-fieldexpansion andinstability dynamics. Thepr-
Langmuir probe mary diagnostic in this experiment is the gated optical im-
Capaciie probe ager (G0O) used to image the plasma during the

aed esoant dye-lar expansion. The GOI camera's optical system consists of aLaser scattering
pcl Spectroscopy lens which focuses a demagnified (2.5 to 6 times) image of

( fl561f Photography the plasma onto the S25 photocathode of a Grant Applied
Witness paper Physics fast-gated microchannel-plate optical imager. Al-

SLens-2 though capable of shutter times as short as 120 psec, we
Pharos typically set the shutter times at 1-2 nsec due to the low

Lawr Bear-2 levels of emitted light from the plasma. The viewing direc-
tion in most of the experiments was either parallel or an-

FIG. 3. Expermental arrangement for instability studies. Ion time-of- tiparallel to the magnetic field as sketched in Fig. 3. The
light detewton (rectangies). B, capacitance, and Langmuir probes (cir- plasma was viewed perpendicular to the magnetic field in
des) ame deployed various distances from the target position. some experiments. Several time-of-flight ion charge collec-

tors, positioned about 50 cm from the target, were used to

simulations are described in the Appendix. Specific results measure the velocity distribution of the expansion plasma

from the simulations will be described later in the paper in in the absence of magnetic field or plasma flowing along

the experimental context. the applied magnetic field.
Arrays of small (I mm) induction loops were located

at various positions to measure the magnetic field dynam-
III. EXPERIMENT ics in the expanding plasma and magnetic field front. Lang-

The large Larmor radius regime is easily accessed by muir and capacitive probes were used to measure the
using an energetic laser-produced plasma which expands plasma front density profiles and electromagnetic noise; a
radially outward into a uniform magnetic region in an large diamagnetic loop measured the electrical conductiv-
evacuated chamber. These experiments are extensions of ity of the expanding plasma was used to infer the average
those first reported by Ripin et aL 12 in 1987. There have plasma temperature. Several lens/fiber-optic/spectrometer
been several previous laser-produced-plasma expansion ex- detectors were arranged to detect plasma light emission at
periments in a magnetic field,21-29 but, most of these were various distances from the target. These provided spec-
in different regimes or did not focus on the present insta- tralhy and (sometimes) temporally resolved information
bility. about the plasma front conditions. Open-frame photogra-

A schematic of the experimental arrangement is shown phy and plasma witness plates also provided qualitative 0
in Fig. 3. The plasma is formed by placing a small (typi- time-integrated information.
cally, 2 pm thick, 0.3 to 1 mm diameter) Al disk target in A. Plasma expansion conditions
the focal region of one or two beams of the Pharos III Nd
laser. Each laser beam is focused to give an intensity of We now describe the laser-produced plasma employed
about 5 X 1012 W/cm 2 yielding a plasma with an expansion in these experiments. The initially hot (500-1000 eV) but

speed of 5.4k 1.8 X 107 cm/sec, Z= 10, and a total mass of small ( < I mm) laser-produced plasma evolves into a self-

about 0.2 jg for a typical 30 J, 3.5 nsec duration, incident similar expansion within a couple of millimeters from the
laser pulse. When two beams are used to form a more target.34 In the absence of collisions with residual gas in the
symmetric expansion, they simultaneously strike the disk chamber, ions recoup over 90% of the total plasma energy
target from opposite sides. In most cases the target chain- in directed kinetic energy and have frozen-in high-charge
ber is evacuated to pressures below 0.1 mTorr to ensure states (Z= 10 for Al). Computer simulations indicate that
that the dominant plasma interaction is with the magnetic the electron temperature is in the few-eV range at 3 cm
field and not through collisions. Additionally, we choose radius.3s Diagmagnetic loop measurements of the plasma
parameters to be in a low expansion-velocity/Alfvin- resistivity with a 100 G magnetic field are consistent with
velocity ratio regime, i.e., V"/VA.<l. In some experiments electron temperatures of I to 2 eV, assuming the ions have
described later, we relax these conditions by adding hydro- charge Z- 10.36 The velocity distribution, spread, and an-
gen gas up to 2 Tort pressure to look for collisional and gular distribution of mass and energy is typical of ablation
Vd/ VA - I effects. A more complete description of the ex- plasmas measured previously. 32"37 Single-sided planar tar-
perimental arrangement, the expansion plasma, and its use get irradiations that are wider than the focal spot and thick
in other experiments can be found in Refs. 30-33. compared to the ablation depth results in half the incident

A uniform magnetic field up to 11 kG in the interac- laser energy contained in the plasma within a:40" cone
tion region is provided by a 25 cm interior diameter pair of angle about the target normal. Double-sided irradiations of
Helmholtz coils. The coil current is pulsed on with a 16 small limited-mass targets, on the other hand, create a
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TABLE I. Paramusters for a represetative 30J. 0.3 T sg exuiedspr, <-2 cm-0 S0 ni/division AV
jamen. All thus parmametrs wers varied widely dorms the full coure of-- -

the eapertmmntal sier.m

Lawe parametese- -

*Ewars A 301
Pubse duration7 3.5 asic+

Focal spot diamieter 2;, 300 ism i i

colanetradi use 6.2c (a 3XG lol -/

Piata parameters)
LLptc uAeladsu 1.23.0c O.ai -Gk-.a
PlLRasmahst pqdowt tdoit 10D (a) Dest le) SptalEmsso

*Dmanei onfinmen "uratiomsat3 G
Darectdr lradusoonn n radius pA 1  1.0 c

LRcritical rdu/ounmn radius /A, 0.2-30cnL

(c/ci,d/coohaanemnt radius (C/,,)/R, 0.2 FIG. 4. Plasma front density-pradient mesremsass at A-3 cm. (a)
Density scale length/conement L.,/Ra 0.2 Desnutometer trace of plasma emission takten with the gaood optical sm-
radius aper. (b) Rise time of Al III specers lime detected With the lbropi

detector.

more nearly 4ir-steradian uniform expansion. Extensive ios aereafoes/increases dyain s conethe bulieveathat thee
previous studies of ablation plasmas have shown the fol- ofs are fonloistngywt othe dyaicsdofethen bumepasurmaeatse
lowing parametric dependencies for th plsm oftecossenywteohrineedntmarmn
V~,= VO(I/I 0)O-2, and mass; ablation rat, such as dR/dt pries TLagmuir probes, and ion detectors.
M=k 0 (/1j 0 )0.6, where V0 is 6.2 XO W msc A0o is The density gradient, L., at the plsma-magnetic-field

* 7 X ID' 5/Sec cm2, 10 is loll W/CM2 (10= 0Foclso interface is a particularly Important parameter because it
arespule draton).12Thu, itis ~sile o i1deen- appears to determine the dominant instability wavelength

dently vary the plasma mass and directed expansion veloc- LNwsmaue he ay n a on ob
ity by using various combinations of incident energy an 4.=1.0*0.3 cm. One method to obtain L. came from
focal-spt diameter. The ion velocity spread can also be destieeigthe leading edge of the plasma front ob-

inepndnty ared 34 bu hswsntdn nti eis served in the optical framing images recorded on Tri-X
inofexperimentlyvnd u hsws.o oei hssre film, Fig. 4(a) is such an example at R =3 cm B=0O.5 T.

As exeiethplam exadisdntyflsadtcos The second method used to measure the density gradient zs
adiabatically. Table I lists approximate parameters for the frmteistmeothfbroncsgaldtcigte
most frequent type of sho in thi s y i~. 30 j,sigle plasma front as it passes by the obserivation rdio% Fig.
sided irradiation. The plasma density is estimated by sng 4(b) shows an example of this. The third method used to

the known total mass of the ablation plasma, its angua estimate L. is inered from the mapietic-fleld exclusion
distribution and width of the expansion shell. The estimate gradient, Lb, as measured with loop dR/dt signals these

* Is relatively insensitive to the rmas distribution within th are als in, the I cm range (see Fig. 5 (a) for exam*]e. The
central portioin of the plasma shell due to the A3 depen- magnetic-field diffusion length in the plasma fronti as as-
dence of the volume. The plasmak ion density is of the order sumed to be nearly equal to L, since they are in approxi-
of lol5/call when the expansion front is 3 cm firoml the mat pressure balance. All three methods for obtaining L,
origin and electron density is about an order of magnitude apgee within experimental eOrrr
higher (jassumling Z- 10). At early times in the expansion L -eofidyak
when A is small with respect to the magnetic containment
radius, Rb, the magnetic field influence is week and zero- Multiple dR/dt probes deployed at sever-al positions in
field paramneters are va"d the expansion region give the general features of the

Most of the optical plasma light emitted and detected magnetic-field dynamics. Particularly germanne features are
in our experiment is from a fatmily of Al 11 and Al Ml lines. summarized here whereas more extensive descriptions of
At firs blush this appears inconsistent with our assertion magnetic-field dynamics are published elsewhere?*33

* that the predominant ionization state is Z= 10. However, Magnetic-field dynamics exhibits the following fiaturec.
even at our relatively low chamber pressures, a small por- (1) The expanding plasm pushes the excluded maignetic
tion of the target plsma encounters enough charge ex- field ahead of it with a small peak above the vacuum fiel
change collisions to and up in low Z states Indeed, when Level [FigW 5(a)), as expected in a sub-Alfv6nic exaso.
the background pressu= is lowered/raised, the optical sig- (2) The magnetic-field exclusion fraction is ivreyPro*
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cm2/sec and the ion inertia length is c/lw= 1.3 cm. The
time for the magnetic field to diffuse this distance is
1. = (cla,,)2/7=_300 nse=, which is too long to explain the

8 (kG) experimental observations. The most likely explanation for
the relatively large magnetic gradient length, Lb, is that 0

- .. the magnetic field is structured on scale lengths compara-

(a) t (50 nsl division) ~ble to the plasma structure. The plasma has observed den-
sity flutes and irregularities with characteristic lengths of I
to 2 cm at times t= 100 to 200 nsec for B=-0.1 T (see Fig.

a Ne 13). This issue will be discussed in detail in the followingaa I Ito 1.0• section.

• • 7.5 ka Q InrAfbURly deveWlmnot
Oo 1..+B When the magnetic field is turned on in the experi-

I•ment, the instability is readily seen in the faming
* viewingi along the magnetic field lines, such as ssho~wn in

0 - 0. Fig. 6. Figure 6 shows representative 00I images for one-
0 1.0 0 10 sided irradiation examples with B=0 and with B=O.I T.

(N) R/Rb (c) B, (kG) When I BI > 0, prominent plasma projections emerge from
the plasma boundary. The degree of plasma expansion
asymmetry can be varied by doing two-sided irradiations;

FIG. S. Feamr of the magmetic-field dynamucs. (a) Magmetic field vs targets large compared to the laser focal spots produce
time 5.4 cm from the target (Bo= 1 kG, 32 3 one-sided irrdiation, Al expansions that are more asymmetric (more like one-sided
target. V,=5 x 10 cm/sec). (b) Excluded field fraction AB/E0 vs R/R&
for a range of vacuum magnetic field strengts. (c) Excluded field frac- shots) than when the two laser spots overfill the target
tion AB/lE vs BO; solid line msalinear fit to the data. (that are reasonably spherical). Figure 6 (bottom) shows

examples of plasma expansion for both cases with B=0
and B-=1.0 T impressed. Note. that although the gross

portional to the expansion radius to confinement radius expansion symmetry is quite different, the instability am-
ratio, i.e., AB/Bocc (R/Rb)-1, as plotted in Fig. 5(b). (3) plitude and characteristic lengths are similar. For this rea-
Field exclusion fration is also inversely proportional to son, one-sided experiments are used most frequently in
the vacuum field, i.e., AB/Bo: 1/Io. (4) The magnetic these studies.
field penetrates the plasma front well beyond the collision- The overall expansion and deceleration dynamics, as
less skin depth, typically to a depth Lb-c/0pi. (5) Alfvn well as instability development, is mapped out by taking a
disturbances propagating with VA . B/n 1/2 along the mag- sequence of framing images taken on individual shots at
netic field lines were also directly observed, as predicted to different times or on a single shot by using our four-frame
occur in sub-Alfvnic plasma expansions. The observed GOI. With no magnetic field present, the plasma expands
magnetic disturbance velocity was proportional to the radially outward from the focal region with the expected
magnetic field and increased with distance from the target directed velocity and spread. With a magnetic field im-
(consistent with a decreasing plasma density going away pressed, the plasma front increasingly slows as the expan-
from the target). 3' sion approaches Rb. This was observed in Ref. 12 and,

Why the measured field penetration depth Lb is sub- recently, by Dimonte and Wiley•° who used a unique Far-
stantially larger than the collisionless skin depth is an in- aday rotation magnetic-field probe. Figure 7 is a distance-
teresting question. The magnetic-field penetration depth is time plot of data that demonstrates deceleration of the
nominally set by the electron skin depth c/o, in a col- plasma front with I and 0.1 T ambient fields."2 Note that
lisionless plasma, or the resistive scale length in a colli- although the plasma strongly decelerates as it approaches
sional plasma. On the other hand, anomalous resistivity Rb, it does not stop there or show signs of rebounding.
caused by microturbulence is often invoked for collision- Observed decelerations are lower than the ideal case esti-
less plasmas to explain scale lengths greater than the elec- mated by Eq. (3). For the I T case shown in Fig. 7, the
tron skin depth. Alternatively, rapid field penetration in experimentally measured deceleration (5 x 10" cm/sec 2)
collisionless plasmas associated with Hall term dynamics is lower than ideal by about a factor of 4, even after ac-
has received considerable attention recently.3 ' However, at counting for the expansion asymmetry. Some factors that
late time (t> 100 nsec) the plasma is collisional. Consider can decrease deceleration include: incomplete exclusion of
the following parameters: Tr0.5 eV, ni= 10 14 cm-3 , the field inside the plasma, EXB motion of plasma in the
n,=10t cm-', B=0.1 T, A=28, and Z=10. The boundary layer of an asymmetric plasmaexpansion, colli-
electron-ion collision firequency is vdi=2.0X 1010 sec t  sional and enhanced "anomalous" instability diffusion of
which is comparable to the ion plasma frequency plasma. Deceleration is less apparent in the 0.1 T experi-

2.3X 10i' 0 rad/sec and the electron cyclotron fre- ments since we observe it for R, <Rb, but it is still present.
quency w,,= 1.8 X 1010 rad/sec. The magnetic diffusion co- At intrmnediate magnetic fields, the observed confine-
efficient (i.e., resistivity) is q7=v--,(c/oc)o =8.9X 10' mert distance follows-the expected B-2' dependency rea-
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10 kG

FIG. 6. GO! images of plasma expansions with and without an applied magnetic fied. (top left) One-sied irradition with B-0 and (top rigt)
one-sided irradiation with B=0.1I T applied (30 3/beam., 1= 115 nsec). The bottom set of four frims shows two-sided irradiations of limited-mass-
Al-target-disks (2.7 um thick) with B-0 (top row) and 1.0 T (bottom row) that are made asymmetric (left) and symmetric (right) by unde or
overfilling the target with the lase beams, respectively (30 i/beam. t=67 asec).

10 R -/

10, 8.=0.1 TESLA / 0 01 100EL MISG)0

9 0 =l.OESLA v
us /*

AS

TIME (m) TIME fro) 1 2 3 4 5 6 7

Distance (cm)

* ~FIG. 7. Development of the instability. Distance fromt the target vs time
of instability flute tips (open circles) and main plasma boundary (closed FIG. 8. Dependence of main plowm and instability tip locatiom upon
circles) for (a) a low-field (0. 1 T) case and (b) a high-field (1.0 T) case. applie magnetic field. The min paiisma boundary (squares) appznzi-
shots denoted by triangles are plasma boundaries with. zero applied mag. mately folows the expected R5=B- eenec whereas the instability
netic field (free-WWeming plasma111) (25-30 J sigl"sde irradiatiions, tips (diamonds) free-stream out to a distance VS~ (30 J, oneseided, irme
V,=5.4Xl07 cm/sec, and P<0-1 mTOnr). diatiofst t-l10 sec).
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I4

FIG 'i A single-shot sequence of four 601 images of the instability development This was a single-sided irradiation of a planar Al target ,s a laser
beam coming in from the right side. The dark circle in the center is due to light blocked by a light shield The two straight objects coming from the top
are light reflected from two dB/dt probes

sonably well, as seen in Fig. 8. The tips of the instability from 50 to 70 nsec. From then on. the flutes continue to
flutes, on the other hand, continue to extend ahead of the stream away from the target: their shape becomes increas-
bulk plasma by about L'rt. i.e., they are not strongly im- ingly intricate. We discuss the unusual high-field nonlinear
peded by the magnetic field. Figure 7 shows that the flute regime later.
tips are essentially free-streaming outward at the initial
plasma speed while the bulk plasma is being decelerated. 1. Linear phase

Development of the LLR instability is illustrated in
Figs. ) and 10. Figure 9 shows a sequence of four GOI Figure I1 is a graph of the flute amplitude develop-
images of the instability development in a 0.5 T case (alu- ment for a range of magnetic field experiments. The insta-
minum target. 35 J, Vd0 =6X 10' cm/sec) taken on the bility onsets at about 35 to 50 nsec tn most cases. The
same shot. The flute amplitude already is past the linear e-folding growth time of the I T linear phase was measured
stage at 75 asec. The wavelength of the instability mea- to be about 10 nsec or less. Reference 12 shows a clearer
sured near the bulk plasma tends to be comparable to the plot of the linear growth phase for 0. 1 and I T cases. ) The
density gradient length, L,= 1 cm. Figure 10 shows a se- measured growth rate agrees with LLR-instability theor.y
quence of individual two-beam I T shots. For the first 30 prediction of YT•R 1.2 1' lY/sec if the measured deceler-
nsec the plasma expands without obvious structure, then ation. wavelength, and density gradient are used in the
the instability goes through a rapid linear growth stage estimate. The accuracy of the growth-rate measurement is

BO

30 ns 50 ns 67 ns

90 ns 115 ns 150 ns S

FIG. 10. Instability development with I T applied field. A sequence of indisidual two-sided irradiation shots shows the initial instability onset between
30 and 50 nsec and the later time nonlinear development (The circle seen in 50 nsec case pijto•raph is a reflection from a diamagnetic loop diagnostc
and is rot a feature of the instability)
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FIG. II. Flute amplitude (tip-to-bubb•e) vs time for several magnetic-
field casm There is a critical turn-on time (radius) and brid linear phase
at 35-50 nsec (2-3 cm) with largely free-streaming growth thereafter. constant wavelength finding is in contrast to observations

in other experiments and the dependency expected for the
conventional lower-hybrid drift instability (where

limited to a factor of 2 due to the brevity of the linear phase A = B-'). As time proceeds the instability wavelength also
and shot-to-shot reproducibility. The observed growth rate tends to remain fixed, even though the plasma continues to
is much faster than the MHD-regime Rayleigh-Taylor expand radially. This is unusual since it suggests that the
prediction of YMHD-= 2 x 107/sec. Figure 11 also clearly effective mode number of the instability may increase dur-
shows that the instability onset radius (time) is nearly ing the expansion. This behavior will be discussed further
independent of magnetic field, even though the effective in the next section.
acceleration is proportional to B2 and, hence, r- B. This An additional puzzle is that the instability wavelength
behavior agrees with the instability onset condition, Eq. is much larger than predicted for peak growth of the LLR
(5), which is also independent of the magnetic field. Equa- instability in the linear regime (a few times the electron
tion (5) predicts onset at about R,= 2 cm, compared to the gyroradius). The observed instability wavelength,
experimentally observed values of 2-3 cm (if the experi- A = 5.5: 1 mm, appears to be set by the density-gradient or
mental deceleration is used). If the magnetic field were B-field-gradient length, which is 10*3 nun. One pomsble
increased sufficiently high (Rb<R,) then the instability explanation is that processes occurring on smaller plasma
would not appear. spatial scales might simply see reduced instability driving

The instability structure often appears initially as den- fields and increased diffusion due to whatever is causing
sity clumps in the leading edge of the expansion plasma, the rapid magnetic field penetration at the plasma edge. A
such as shown in Fig. 3 of Ref 12. This clumping behavior second possible explanation for the observations is that
is another predicted characteristic of the LLR instability, they are made primarily in the large amplitude nonlinear
Density clumping is a consequence of the V. u fluid motion regime and we simply cannot distinguish the short wave-
allowed in the LLR regime (but not allowed in the usual
MHD regime).

We have also proven that the instability projections are a
flutelike in geometry and are not, for instance, narrow .
spikes. Figure 12 presents two views of the unstable 7 1
plasma, end-on and across the magnetic field, which dem- 6 I

onstrates flute geometry. The cross-field view of the plasma - . . . - -- - - -

front is featureless except for curvature of plasma flowing lut Length "
along the magnetic field in response to +Oe e-.Xpansion, as (MM) 4,

expected of flutes.The initial wavelength or characteristic periodicity of

the instability was found to be insensitive to most experi- 2 .7
mental parameters. For instance, Fig. 13 shows that the I
LLR-instability wavelength as measured near the bulk
plasma front (distance between the bottoms of the flutes) 0

is relatively insensitive to the applied magnetic field in our 0 1 2 3 4 S 6 7 8 9 10 11

experiments. The data plotted in Fig. 13 are from a com- Magnetic Field (kG)

bination of shots with: one-sided and two-sided irradia- FIG. 13. Instability wavelength vs applied magnetic field. The distance

tions, various incident laser energies, and observation times be.t the in• ty valleys not sitme to applied magnetic ad
from 50 to 150 nsec. Our observations of approximately strength.
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to gross expansion symmetry, curls in the electron-
cyclotron, or electron EXB drift, sense. It reverses with
magnetic field direction. It has not as yet been determined--•whether the curl arises from the flute tips moving upward
or the bubble region downward. (Similarly appearing cur-

ss Vde vature is seen in some computer simulations of the insta-

bility, however it is frequently in the opposite sense to that
observed.) Two mechanisms that could cause the observed

(a) flute curvature are illustrated in Figs. 14(b) and 14(c).
The electric-field gradient mechanism, sketched in Fig.

7')• 14(b), would occur if the radial electric field which drives
Vthe LLR instability is higher at the tips than in the bubble

E Vd. VBb regions; this would cause a shear in the electron drift and,

p B•.P hence, properly curved flutes (flute tips move upward in
V •this model). A depressed electric field in the bubble region

E®) might occur due to shielding of the plasma flutes on each
side and the presence of low-density plasma in the bubble

(b) VE Me sm (c) VB hanism region. Electron EXB drift motion in the plasma front

may also explain the flute curvature. Both the direction
and the approximate magnitude (-0.2 v,,) of the velocity

FIG. 14. es in the 1.on eldris sekdr hoe Note the rerie • drift necessary for this instability, as described later, are
curvatur e ses when the 1.0 T fheld is switched from out of the paper

[(a), keft to into the paper [(a), righth. The cvaturea lso evkkt in consistent with the experimental observations. The other
two-bearn irradiations. Pomible mechanisms aung the curvature may possibility considered, the magnetic-field gradient mecha-
arise from electron force FXB drift velocity shears from: (b) higher nism, is also due to electron-drift velocity shear but, as
radial electric fields at flute tips than bobbies, or a (c) higher mgetc- depicted in Fig. 14(c), derived from larger magnetic-field
hleld gradient in the bubble than the flute tip.. gradients in the bubble than in the tip region (bubble re-

gions would move downward in this case); however, the
lengths that may be present early in the instability devel- observed B-field gradients seem too small for this mecha-
opment. Computer simulations suggest that coalescence nism to adequately account for the observed curvature.
occurring in the nonlinear phase leads to the longer wave- Another interesting effect observed, most evident in
lengths observed.t"" Still another possible explanation is the nonlinear stage, is the relatively constant instability
that another instability actually sets in earlier than the wavelength (measured as the distance between flute bot-
LLR instability in the plasma expansion and causes a long toms) noted earlier. We discussed possible reasons why the
wavelength to grow. When the critical radius for LLR- observed instability wavelength is larger than predicted.
instability onset is crossed, the observed wavelength mode But, why does the initial wavelength persist as the plasma
already present is amplified, much like a test wave, and expands outward, when one might expect the effective
dominates the spectrum. For instance, possible early-time mode number (m=2rR/,A) to be fixed instead? Two ef-
instabilities include the lower-hybrid drift instability,41 the fects tend to maintain a constant wavelength in the system.
modified-two-stream instability,42 and the electron-ion The most curious process is the bifurcation or splitting of
hybrid shear instability.'3" Although the wavelength of flute tipe. A secondary effect seen in asymmetric expansion
these modes are short, they would develop very early in geometry is a gentle curvature of the flutes toward the
time and have mode numbers compralble to those ob- target normal with distance.
served at LLR onset. More research is needed to clarify The above effects were initially noted by placing wit-
these conjectures. ness plates (black Polaroid film) perpendicular to the mag-

netic field a few centimeters to one side of single-side Witu-
2. NoWMner phas minated targets. Time-integrated impressions of the plasma

After the brief period of linear growth, when the flute running down the field lines etched the surface of the
amplitude exceeds the wavelength, the flute amplitude plates. Flutes were observed beyond 8 cm from the target
grows approximately linearly in time at the free-streaming normal on these films. Long spikes that curve toward the
rate, as seen in Figs. 7 and II. In addition to the plasma midplane were recorded on the witness plates; additional
flutes growing very large as they cut across the magnetic projections formed toward the sides of the pattern with
field, the nonlinear phase exhibits other interesting behav- increasing distance from the source. Several instances of
ior. flute splitting (bifurcation) were also seen. Flute curva-

The flutes, particularly at the higher magnetic field ture, formation of new flutes at the sides, and bifurcation
strengths, frequently show a slight curvature when viewed evidently permit the instability wavelength to remain fixed
end-on to the field lines. Figure 14 shows examples of this near L, or Lb. The effective instability mode number
curvature, two one-sided irradiation shots with oppositely therefore increases with radius. Now the question is: h the
directed magnetic fields, and a more symmetric two-sided same thing happening in the more symmetric two-sided
irradiation case. The flute curvature, which is not sensitive irradiation shots, that have no preferred expansion direc-
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IRRMCATION MODES

Flute two-sided

--- irradiation

41 231 i B

Teat

one-uided
FIG. 15. Flute-tip bifurcation and division. Example of a 1.0 T two-sided 99.s
target irradiation at 90 nsec whose flute tips are undergoing division.
Possible modes of division are shown schematically on the right.

301 3761

tion? A qualified answer is that in moderately symmetric
expansion cases flute tip division also occurs. Figure 15 FIG. 16. Instability characteristim with varying plasma energies. These

shows an example of flute splitting obtained with the time- are two-sided irradiations (except for the lower-right highest energy shot)

resolved optical imager along with an illustration of two in a 1.0 T magnetic field.

possible modes. To our knowledge, plasma instability bi-
furcation has rarely, if ever, been seen in the laboratory.

The mechanism of flute division has and the mecha- the LLR instability is predicted to have little dependence
nisms have not been definitively identified, but several pos- upon plasma energy except, perhaps, through its onset cri-

sibilities come to mind. A relatively simple explanation teria, Eq. (7), or the density-gradient length if it is a func-

may be that when the wavelength exceeds the "natural" tion of energy. Here we constrain ourselves to the cases in

instability wavelength, determined by the gradient length which the expansion remains very sub-Alfvi'nic.

at the radial diverging plasma front, the LLR instability Figure 16 shows a set of 1.0 T field shots in which the

generates new flutes to form in between the existing flutes, incident laser energy on target ranged from 4 to 376 J. The

Another factor that may promote bifurcation is the radial extent of the main bulk plasma approximately fol-

V - u:*O property of the LLR instability. As we shall show lows the expected E1/3 dependence. Signs of the flute in-

later. 2-D computer simulations found splittinglike struc- stability are seen in all these images, although its appear-

tures forming on the LLR flutes in contrast to pure MHD ance varies considerably. The LLR-instability onset

flutes simply exhibiting the usual Kelvin-Helmholtz-like condition, Eq. (7), has both an explicit and implicit func-

rotational curl-up of the flute tips. Still another possible tional dependence upon plasma energy. The implicit de-

origin of bifurcation stems from the observation that each pendence is in the total plasma mass, M, which, as men-

free-streaming flute tip may eventually behave like an in- tioned earlier, has an 1o.2 times focal-area functional

dependent cross-field plasma jet. Jets are driven across dependence. The net result is that all the shots in Fig. 16,

magnetic fields by the same sort of EXB force that drives including the lowest energy shot (4 J), satisfy Eq. (7) and

the LLR instability; curved and fringe E-field lines tend to are predicted to be unstable. Additional experiments are

deflect the plasma near the leading edge into a wedge shape required to verify whether a minimum plasma energy is

in both low-# (0C I ) jets 49 and moderate-fl (0> I ) jets.50  required for instability as predicted by Eq. (7). The insta-

In both cases,49.5 the jet boundaries were unstable to the bility wavelength is not a strong function of plasma energy,

nonlocal velocity drift (EIH) instability with k perpendic- presumably because the density-gradient lengths are com-

ular to B and parallel to Vd. However, no gross splitting parable at all four energies.

perpendicular to Vd, is observed in the present experi-
ments. Nonetheless, plasma jetting across magnetic fields is 4. Lnk-tylng effects
a relatively unexplored topic and more investigation is We now try to address the question of whether the
clearly warranted. LLR instability can be suppressed if the magnetic-field-line

ends were line tied, i.e., anchored in a good conductor.
3. Enwgy dpennd-w Line tying has been proposed to stabilize interchange in-

The plasma energy content affects the gross features of stabilities in open-ended fusion systems, such as mirror
its expansion across a magnetic field. For one thing, the machines, in the MHD limit5" and later extended to in-
magnetic confinement radius is a function of the plasma clude effects of lowered conductivity due to sheath
energy content, Rb cc E1/3. Radius versus time characteris- formation, 52 finite Larmor radius effects,5 3 and surface line
tics also depend upon whether the increased plasma energy tying.54 No line-tying theory has been formulated in the
content is due to additional mass or velocity. Nominally large Larmor radius limit as yet. Natural physical situa-
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FIG. 17. Quenching of the LLR instability due to collisions with background gas and plasma. AU sips of instability disappear above 150 reTor H2 when 0
colihsional effects appear. such as blastwave formation (30J, B=-0.1 T, hydrogen gas t=150 nsec).

tions in which this instability might be affected by having a produced plasma expands. We look for effects of plasma
highly conducting region nearby include the F layer of the collisionality, increased V,/ VA, and cold plasma line ty-
Earth's ionosphere or solar corona. We could not demon- ing on the instability. •
strate the line tying in our experiments, but we did gain The background plasma is produced by bleeding gas
some insight into it. into the target chamber and allowing the radiation from

A first attempt to look for line-tying effects was made the laser-target-plasma interaction to photoionize the sur-
by shorting out one side of the magnetic field lines with a rounding gas. The production process and properties of the

copper disk and allowing the other side to remain open. photoionized plasma are described in detail elsewhere.5

The shorting plate was placed perpendicular to the mag- The photoionized ambient plasma is fully ionized within a
netic field lines and displaced about 5 cm from the target. few millimeters of the target and has an ionization fraction
The plasma expansion dynamics were viewed, as usual, decreasing as R- 2 beyond it; at I cm from the target the
along the free field-line side. We took shots with the plate fractional ionization is about 1% for our parameters. The
bare and grounded, bare and floating, insulated and temperature of the photoionized plasma is I to 2 eV. The
grounded, and insulated and floating. The insulation was applied magnetic field is imbedded in this plasma since the
witness-plate paper placed on the target side of the plate to field is already present during plasma production. In the
allow visualization of time-integrated structure at the plate. present studies hydrogen (H 2) gas is used at pressures up

However, the instability was not quenched by the con- to 2 Torr.

ducting plate in any of our shots. The flaw in this line-tying The interaction between the laser-produced plasma
experiment may be that the plasma does not sense the and an ambient photoionized plasma has been studied ex-
highly conductive metal plate, but rather is insulated from tensively both in the absence of a magnetic field 13' 3tJ and

it by the plasma sheath that forms in front of it.5 2 Sheath with a magnetic field present.IZ33 In the 100 to I Torr
resistivity has hampered similar line-tying experiments range the interaction makes a transition from collisionless
elsewhere."5 Heated electron emissive endplates would to collisional nature. Collisional features include the for-

overcome the sheath complication, but doing this was out- mation of a blast wave (energy and momentum conserving
side the scope of the present study. A more detailed inves- strong shock, also known as a Sedov shock). We find that

tigation of line-tying effects is needed. the LLR instability quenches in the same pressure regime

that colfisionality starts to affect the coupling between the
two plasma components. The effect of increased back-

£ Backtground plauma • ground gas pressure and collisionality can be seen in Figs.
Thus far we have been studying a single plasma corn- 17 and 18. With a 2 mTorr H2 , gas fill the instability can

ponent expanding into a magnetic field. Here, we introduce be seen clearly, its character has not changed from corre-
a second magnetized plasma through which the laser- sponding vacuum shots. At 40 mTort the instability is still
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SUPPORITING EXPERIMENT

In this section we show results from computer simula-
tions of the LLR. instality that help clarify and intepe

* clearly visible but some energy has been collisionally cou- some of the experunlental observations.
pled to the H2 gas. However, at ! 50 mTorr pressure, a A description of the computer code used to simulate
weak blast wave forms and the instability structure is al- the LLR instability in the experiment is in the Appentdix
most washed out. Although the coupling is still not totally A gray-scale contour plot of the plasma density frolm the
collisional at 300 mTorr as evidenced by the presence of simulation is shown in Fig. 19 at times 22, 46, and 62 nmec
free-streaming target plasma, the LLR instability is corn- Black corresponds to the maximum density nem-2X 10"4

*pletely quenched. At still higher pressures collisions doam- cm-3 while white corresponds to the ambient daaty
inate the interaction and only sharp smooth blast waves are n0S x 10"1 cms-3. At 22 nsec the initial perturbation in

observed. The general observations that collisions act to the density is already apparent. At 46 nsec the expanding
stabilize the LLR instability are consistent with the theo- density shell has thinned and structuring has beun The
retical finding earlier in the paper. Recall that collisional number of density enhancements is consistent with the imi-
stabilization occurs if plasmna is in the cold ion limit, where tial mode number (16) of the perturbation. At 62 asec the
the ion thermal speed is small compared to the plasma drift instability is in the nonlinear phase. There is signifcant

*due to the gravitational acceleration (i.e., v•< V1). An in- distortion of flute tips indicated by the curvature of the
teresting extension of the present experiments would be to flutes caused by the Hall term. The sense of the curvature
warm the ions to the point where the instability is pre- is opposite to the experimental observations however. Two
dicted to destabilized according to theory.' 3  other comments are in order. First, simulations were as

A second effect of adding a plasma background in performed using a colder Gaussian plasma distribution
front of the expanding laser plasma is that the effective (v•=5 X 10' cin/sec). For this situation the instabhi-ty de-

SMac.h number of the expansion is increased. In a vacuum veloped faster and with a higher mode number (m -32).
or very low density plasma, the ratio Vm/ VA is very small This is behavior is consistent with earlier simulations of the
and the expmanion is subsonic. In this case, the regime of CRRES barium releases which found the shortest wave-
primary interest in this paper, there is little magnetic field length modes to dominate the early dynamics of the
compression ahead of the expansion front. Additionally, expansionY Second, simulations were also performed with
most interactions tend to be electrostatic as opposed to the Hall term arbitrarily turned off. The expandingplaman

* eecroagetc. As the backrwound density is raised, how- did not structure noticeably and the plasma reached a max-
ever, the expansion can approach sonic or even supersonic imum radius of about 2.9 cm before recompressing. This is
conditions. The whole inteato may be totally changed consistent with the theoretical stopping distance R•n 2.8
from subsonic cditio. Higher Mac-number regimes cm. When parametes are adjnsted to allow the MHD (no
will be the subject of future investigation. In the present Hall term) Rayleigh-Taylor instability develomaent it ex-

experiment, our opinion is that the quenching of the insta- bibits substantial rotational flow chuarateitis including
F bility is a onequence of omllbional effects and not due to the eent Kelvin-Helmholtz rol-up of the flute tips. On
linite or supesonic expansion effects. This is because the the other hand, in the nonlinear regime of the iLR-

fractional ionintion is too low in the present experiment to Rayleifh-Taylor instability the initial plasma clumps
plwerVA to the ordH r ofg v er imtstouniform evolve into lons slender striatiohs, such as observed ia the
ionize a larte volume of gs surrounding the target to in- experiment.
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Finally detailed 2-D Hall MHD simulations of the ear stage of the LLR instability exhibits some very unusual
CRRES G-4 and G- 10 barium releases in the magneto- behavior that has some resemblance to cross-field Jetting of
sphere were described by Huba et aL83. In both cases the plasmas. This phenomenon should also be explored in
plasma rapidly structured, mode coalescence occurred greater depth.
forming larger scale-size plasma blobs that could free- ACNWEGET
stream across the magnetic field through EXB drift. The ACNWE MNT
magnetic field also developed structure obtained from the The authors are pleased to acknowledge contributions
simulations was shown to be in good agreement with in- of J. Stamper, G. Ganguli, H. Romnero, N. Nocerino, L.
siu magnetomneter data."7 Daniels, J. Ford, C. Brown, A. Mostovych, c. rawley, and

J. Crawford.
V. SUMMARY AND DISCUSSION This work was sponsored by the Office of Naval Re-

We have experimentally demonstrated linear and non- serh
linear properties of a robust flutelike instability in the im- APPENDIX: 2-0 MHD COMPUTER SIMULATION
portant regime of large ion Larmor radius and sub- INCLUDI1NG HALL TERM
Alfv6nic expansion speed. The instability has many of the The simulations are based upon the following set of
features predicted by modified MHlD and kinetic theories one fluid equations
and computer simulations. The LLR instability onsets at a 6n
critical radius that is insensitive to magnetic field, even (la
though the growth rate is a strong function of magneticAla
field. The instability onset can occur well before the plasma dim (B2

front reaches its maximum deceleration, near the magnetic nm t - TVn -V -. (Alb)
confinement radius. The growth rate during the brief linear (ir)
phase was measured to be consistent with LLR-instability 61VX (jX B)
theoretical prediction, which is much higher than the cor- - =VX (UXD)- 9(Aic)
responding M111D-regime growth rate. The wavelength of &ne
the instability is slightly less than the density or magnetic- where u is the center of mass velocity, mi is the ion mass,
field gradient lengths. When the flute amplitude ap- and J is the current density. The isothermal equation of
proaches the density-gradient length the instability goes state is chosen for simplicity. Equations (AlI) are derived
into the nonlinear regime. Here, the flute tips subsequently directly from the ion and electron Vlasov equations under
fre-e-stream with a speed nearly that of the initial plasma the following assumptions.' We assume (1) ph/L..<l and
expansion speed. The nonlinear regimie has some very un- au/a.4l (i.e., the electrons are strongly magnetized), (2)
usual features. The flute tips tend to curl in the electron the electron and ion pressure tensors are isotropic, (3) the
EXD3 drift direction, perhaps due to a drift velocity shear electron and ion fluids are isothermal with T = T, + T1,
caused by nonuniform radial electric fields. Even more and (4) the Debye length is very small. The finad term in
striking is the observation that the instability wavelength Eq. (A Ic) is the Hall term.
tends to remain fixed at approximately the density scale Equations (Al) are solved numerically on a
length with most parameter changes. A mechanism that cylindrical-like grid with (rx 6) resolution of 50 x40. The
allows this to occur is bifurcation or division of the flutes grid is uniform in the r direction for 40 grid cells the final
that sets in when the wavelength tends to expand beyond ten grid cells are stretched. We consider plasma motion
L.. Collisions, quench the instability, but attempts to short only in the plane transverse to the magnetic field
out field lines (magnetic-field line tying) on one side of the (B = Bki). Hard wall conditions are used for the inner r
plasma expansion failed to suppress the instability, boundary, zero gradient conditions are used for the outer r

Many of the predictions and observations in these ex- boundary, and periodic boundary conditions are used in
periments agree with current theory and simulation of the the 0 direction. The mesh in the 0 direction ranges ftrom V~
LLR instability. It is concluded that the LLR instability is to 90'. The mesh size is chosen such that no field or density
the predominant mechanism. It may be possible that an- disturbances reach the outer boundary. The algorithm used
other instability occurs early in the expansion that seeds solves Eqs. (AlI) in conservation form using a total varia-
the dominant instability wavelength. Even so, many uirve- tion decreasing (TYD) nonlinear switch between a first-
solved issues remain. It is also important to extend these order transport scheme and an Adams-Bashforth, cen-
studies into other important regimes. for instance, a sys- tered eighth-order spatial scheme.
tematic investigation in which the ion Larmor radius is In order to make quantitative comparisons with the
reduced to the order of the density gradient length would experiments, the mass of the expanding plasma is scaled so
examine the transition from the large-Larmor radius re- the magnetic confinement distance (Rb) is the same for
gime into the finite-Larmor radius regime, where consid- both 2-13 cylindrical and 3-D spherical expansions. The
erably different behavior is expected. Addition of a uniform difference between the 3-D and 2-D3 expansions is simply
high-density plasma in the expansio region would allow a geometrical and is due to the scaling of magnetic energy.
systmati transition amscr the sonic-superionic expan- We find that 'Rb= (3M V,019)"'1 in three dimensions;-
sion regimes. A thorough study of the onset criteria for however, 1Rb=( Fd0A')1 in two dimensions. Thus,
these instabilities would be important. Finally, the nonlin- the mass in the simulations is chosen to be
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A segmented concentric Faraday cup for measurement of time-dependent
relativistic electron beam profiles

T. A. Peysera) J. A. Antoriadeb) M. C. Myers, M. Lampe, R. E. Pechacek,
D. P. Murphy, and R. A. Meger
Plasma Physcs DAiision. Naval Rsarch Laboratory Washingto, DC 20375-5000

(Received 14 June 1991; accepted for publication 12 August 1991)

A multi-element segmented concentric Faraday collector has been developed for measuring
the time evolution of the beam half-current radius (at/a) of an intenase relativistic
electron beam. Each collector segment measures the total current within its radius. The data
analysis procedure fits the data from all five segments at a given time to a prescribed
beam profile and calculates aj1 from the parameters of the fitted curves. The effect of beam
centroid offsets on the data analysis was investigated numerically. Beam centroid
offsets as large as half the beam radius produce only a 10% error in the experimental
measurement of a,12. The use of a thin graphite overlayer followed by range-thick stainless
steel reduces scattering from one collector element to the next. The instrument has
been used extensively on the SuperElEX relativistic electron beam accelerator for measurement
of the half-current radius as a function of time. Radius variations in excess of 4:1 have
been measured over the duration of the beam pulse for beams with 5-MeV energy, 20-kA peak
current and 1-cm final half-current radii.

I. INTRODUCTION area of the collector to give an average beam current den-
sity Jtb((r),t) where (r) is the mean radius of each seg-

The propagation of high-current relativistic electron ment. The beam radial current profile can be obtained from
beams (E=5 MeV, 1>10 kA) in uniform density back- detailed analysis of the data from all five segments. A novel
ground gas is relevant to a number of applications includ- feature of the instrument discussed in greater length below,
ing heating of magnetically confined plasmas, ion-driven is that numerical analysis of the data directly gives the time
inertial fusion, strategic defense and basic particle acceler- evolution of the beam half-current radius, at12(t), defined
ator research. Stable propagation over any appreciable dis- as the radius containing one-half of the total current.
tance, however, is severely limited by a convective insta-
bility known as the resistive hose instability.' The growth
rate of the resistive hose may be reduced to tolerable levels . DESCRIPTION OF THE INSTRUMENT
by introducing a temporal variation in the beam radius In its simplest incarnation, a Faraday cup consists of a
thereby "detuning" the instability between one portion of single-range-thick collector in which incident charged par-
the beam and another.2-4 Measurement of the temporal ticles are deposited and then the collected current shunted
variation of the beam radius a(t), or more generally the to ground through a curreut-measuring device.5 Other ver-
beam current density profile Jb(rt), is complicated by the sions of segmented Faraday cups have been used in previ-
simultaneous change in the total current as well as the ous experiments to diagnose various relativistic electron
radius necessitating an instrument capable of resolving cur- beam parameters.('1 2 The Faraday collector reported here
rent densities over two orders of magnitude or more. is unique in its geometry, data inversion routines, and ca-

The instrument on which we report is a variation on an pability to directly give Jb(rt) and a,1 2 (t).
old theme-a multielement Faraday collector. The seg- The principal design requirement for the instrument
mented concentric Faraday collector (SCFC) discussed was the ability to measure >4:1 variation in the beam ra-
here consists of a central range-thick cylinder surrounded dius over a pulse of approximately 40 ns in duration. A
by four range-thick collecting rings. Each collector seg- complete time history of the beam radius required optimiz-
ment measures the total current enclosed within its radius. ing the detector sensitivity to be able to measure large radii
Figure 1 shows the current within the five segments for an early in the beam pulse while retaining the ability to re-
intense relativistic electron beam (1= 15 kA, E=5 MeV) solve small radii at later times. This dictated the largest
produced by the Naval Research Laboratory (NRL) Su- possible collector areas consistent with the required spatial
perIBEX accelerator. The Faraday collector was placed resolution, namely, a nested circular or concentric array of
immediately downstream of a 10 cm diameter, 40-cm-long collectors. In addition, the concentric collector geometry is
low-pressure gas cell filled with 3-10 mTorr of argon. The a cost-efficient alternative to the use of multi-element col-
current in each collector segment can be normalized to the lectors on a Cartesian grid which would require at least

_ ars Apci ItniaC otn twice the number of collector segments and the associated"Inpermanent address: S2ien0e Applications Internatioma Cro.rtion, expensive high-bandwidth channels to achieve the same
Inc., McLean, VA 22102.

')Permanet address: Sacws-Freeman Associate Inc., Ladover, MA spatial resolution as obtained with the five-element concen-
20785. tric collector. The outer radii of the five elements of the
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5 1 At the beam energies used in the present experiments,
there are distinct advantages to the use of a thin layer of
range-thick layer of a higher-Z material such as stainless o

.X steel. The initial graphite layer is especially important at

-le SCI high currents for limiting surface damage due to melting
----- SFC- and spalling. The graphite also suppresses secondary dec-

Iec
"--- SFC3 tron emission which can give erroneous values for the mea-

"_ _ ---- SFC3 sured incident beam current. The subsequent thicker high-
-15-- - _-Z material captures the incident beam electrons in the

... sC5 shortest possible distance preventing intra-element scatter-

-20 ing and thereby preserving the spatial resolution of the

0 20 40 60 80 100 instrument as discussed below. In the final design, a thin
TIME (nanoseconds) layer of graphite (3 mm) was used on each collector face

followed by thick (22 mm) stainless-steel cylinders or
rings. A cross section of the five-element Faraday collectorFIG. 1. Time dependence of the current collected within each of the five showing the composite graphite and stainless steel design is•

concentric Faraday collector segments designated SFCI (inner collector) shown in Fig. 2(b). As discussed below, this design was

through SFC5 (outer collector). This data was taken from an intense

relativistic electron beam (1= 15 kA, E= 5 MeV) produced by the NRL found experimentally and theoretically to greatly reduce
SuperIBEX accelerator, scattering between collector segments as compared with

collectors made entirely of range-thick graphite.
Each element is separated by 0.5 mm from adjacent

segmented concentric Faraday collector are, respectively: elements and electrically isolated with 5-mil Kapton insu-
0.76, 1.67, 2.59, 3.50, and 4.62 cm. A schematic diagram of lation. The cha-ge deposited in each element is then sepa-
the five-element segmented concentric Faraday collector is rately shunted to ground through an array of nested
shown in Fig. 2 (a). Rogowski coils. Five Rogowski coils are mounted within

concentric grooves in an aluminum base plate to which all
the collector segments are attached as shown in Fig. 3. The
nth Rogowski coil from the center measures the total cur-

3.3Srent enclosed within the first n segments. The output of
each Rogowski coil is digitized on a Tektronix 7912 A or B
digitizer at a GHz sample rate.

The Faraday collector is placed in a high vacuum en-
closure centered with respect to the nominal beam axis.
There is a 1.5-mil-thick titanium entrance foil 5 mnm from

! "I the front surface of the collectors. The combination of the
0 high vacuum and the presence of a foil which is range thick

for any low-energy plasma electrons associated with the
return current enable the Faraday collector to measure the
true beam current rather than the net current (beam cur-
rent minus the plasma return current). The Faraday col-
lector diagnostic can be placed at any axial position in the
beam line.

IlL CAUBRATION

The Rogowski coils were made by hand winding mag-
I 3net wire onto RG-174 cable that had been stripped of its

T 3 mm outer braid. The winding ends were then soldered to the

22 mm center conductor and the outer braid of the cable and in-
sulated with shrink tubing. SMA connectors were attached
to the coil before potting the coils in the aluminum base
plate with low viscosity epoxy. The time response of the

Wb coils was tested by observing their response as a cable ter-

FIG. 2. (a) Top view of the five-element segmented concentric Faraday mination using time-delay reflectometry.13 The measured 0
collector (SCFC) giving the diameters of each collector segment; (b) time response of the coils was in excess of 350 MHz.
cross-sectional view of the SCFC consisting of a 3-mm graphite overlayer The calibration of the five Rogowski coil array used in
followed by a 22-mm-range-thick layer of stainless steel. The thin graphite the segmented concentric Faraday collector was performed
layer reduces surface damage and secondary electron production, while
the thicker stainless-steel layer captures the electrons in each Faraday on the same 5-MeV SuperIBEX electron beam accelerator
collector segment with only minimal scattering from one to the next. as used in the experiments. A single large-element Faraday
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FIG. 4. The raw data from the five Faraday collector segmens at a time
Farady colecto segmnttr46 us is fit to analytic excpresaions for the total current enclosed within

a given radius I(ro) for both a Gaussian and a Bennett current dainty

VWuu profile. There is a 10% diference in the value of the total current deter-
Mounting holes mined by the Gaussian and Bennett fits, but less than 5% dierence in the

value of the half-current radius given by the two fits.

FIG. 3. A half-inch thick aluminum bas plate contains the five Rogowski
coils mounted within concentric grooves (shaded grey in the figure). The
nth Rogowski coil from the center measures the total current enclosed dius can be obtained from standard analytic models of cy-
within the first n segments. The smaller through holes arranged on the lindrical beam equilibria such as Gaussian and Bennett
vertical and horizontal ams are for mounting the five Faraday collector profiles.14-16
segments to the base plate. The four through holes on the same pattern The current density for a centered Gaussian profile is
outside the fifth Rogowski coil groove are for vacuum pumpout of the
collector segment array from the back of the base plate. The five holes on given by
a diagonal are for the Rogowski coil outputs to SMA connectors on the
rearof the base plate. The eight through holes towards the edge of the J(r) =J0 exp( -r 2 /a 6 ), (1)
plate are for mounting the assembled detector plate and Faraday collector where aG is the Gaussian radius. The total current col-
array to the vacuum enclosure. lected within a radius ro is given by

I(ro) =o1[ I - exp( - to/a) ], (2)

where 10 = Jlora2 is the total beam current. The half-cur-
rent radius can be obtained directly from the equation for

collector consisting of range-thick graphite was con- the total current and is given by a 1/2 = aG(ln 2)1/2. In a
structed for the purpose of calibrating the five nested beam with a centered Bennett current density profile
Rogowski coils. The outer diameter of the calibration Far- J(r) =J0 [1 + (r/a2) 2, (3)
aday cup was approximately equal to the diameter of the

outermost multi-element Faraday collector. All the current the total current collected within a radius ro is
collected in the large single-element Faraday cup was =ior2o/(a•a+ ) (4)

shunted to ground through the center of the coil array thus
insuring that all five concentric Rogowski loops measured where a3 is the Bennett radius, I -= Joir4 is the total beam
the same input current. The current on each of the current, and the half-current radius a 1 2 =-ak

Rogowski loops was then compared with current monitors The half-current radius at a given time to is obtained by
1.5 cm upstream of the Faraday collector. The coil sensi- fitting a Gaussian or Bennett profile from Eq. (2) or Eq.
tivity for the five coils ranged from 2.8 kA/V for the center (4) above to the instantaneous values of the currents in the
collector to 4.2 kA/V for the outermost collector with an five Faraday collector segments. A computer program
average error of less than -E 5% of the calibration value for which fits the data in nanosecond increments was written
all five coils. to give the time evolution of the beam radius. The curve fits

are thus performed to an integral quantity, the total cur-
rent within the outer radius of each collector segment,

IV. DATA ANALYSIS PROCEDURE which makes the curve fit results less susceptible to error
from random noise. The data inversion is done with NRL's

A data analysis procedure was developed to obtain the ASYST-based scientific data acquisition and analysis sys-
time dependence of the electron beam half-current radius tem using a modified version of the Newton-Raphson
a,1 2(t), defined as the radius containing half of the total least-squares minimization method.c7.'s Figure 4 gives the
instantaneous current. Expressions for the half-current ra- raw data and fits to both a centered Gaussian and Bennett
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3 20 The beam centroid in most intense relativistic electron
-,'- TOT.A, SFC, beams, including the beam produced by the SuperIBEX-TOTL 6 accelerator, is subject to some degree of motion or sweep

-- RADIS- -- I away from the nominal beam axis. The actual beam posi-
"i - ---.... * -2 -ADL\" c tion can be determined experimentally by a number of in-

3 ...12 dependent diagnostics, including magnetic beam centroid
• location monitors,'9"0 time-integrated exposures of radi-

0 2-- . .. -8 e achromic film as well as time-resolved streak and framing
- s camera images of Cerenkov emission from thin Teflon®

,/- " •'" •foils immediately upstream of the Faraday collector. In the 0
-- . .. accelerator configuration used for the Faraday collector

experiments, the beam sweep on the SuperIBEX accelera-
0 - 0 tor was found on average to be less than or equal to L 5

0 20 40 60 80 100 mm.
TIME (nanoseconds) The Faraday collector data analysis procedure assumes

that the beam incident on the collector is both axisymmet-

FIG. 5. Time dependence of the half-current radius and total current tic and well-centered. A computer program was written
obtained from a Gaussian fit to the data from an intense relativistic elec- that produced simulated input data for a beam of a pre-
tron beam produced by the SuperiBEX accelerator. Also shown is the scribed current density profile displaced a fixed distance
total current measured by the outer Faraday collector SFCS. along the positive x axis. The program calculates the cur-

rent that would be collected by each collector segment for

profile at a time t=46 ns into the beam pulse shown in Fig. the test beam. These results are then used as the input to

1. The data are fit to Eqs. (2) and (4) above, i.e., to the the fitting program precisely in the same manner as the

expression for the total current enclosed within a given experimental data. The data inversion was found to be
radius I(ro) assuming a centered Gaussian or Bennett cur- isensitive to beam centroid offsets as much as one-half to

rent density profile. Although there is a 10% difference in one times the radius of the center of the Faraday collector

the value of the total current determined by the Gaussian (rcl) depending on the beam radius as discussed below.

and Bennett fits, there is less than 5% difference in the The data simulation program finds the current col-

value of the half-current radius given by the two fits. The lected in each Faraday collector segment for a beam dis-

result of the fit to a Bennett profile is a total current of 14.8 placed a fixed distance Ar from the nominal beam axis. The

kA and a half-current radius 0.96 cm, compared with the beam offset (Ar) is given in terms of the smallest Faraday

results of a fit to a Gaussian profile with a total current of collector segment radius (rl). Figure 6(a) shows the cur-

13.5 kA and a half-current radius of 0.92 cm. Figure 5 rent measured by each Faraday collector segment as a

shows the half-current radius aj1 and axial current density function of beam centroid offset (Ar/r,1 ) for a beam with

from fitting the data to a Gaussian current density profile a Gaussian current density profile. SFCI is the innermost

from the same shot on the SuperIBEX accelerator as collector and SFC5 is the outermost collector. The Gauss-

shown in Figs. 1 and 4. Figure 5 illustrates the variation in ian radius ag = 2r,1 where r,1 is the radius of SFCI. Figure

the beam radius induced by the low-pressure gas cell from 6(b) gives the percentage change in the measured current

a112 = 3.6cmearlyinthepulsetoat/2 = 0.9cm shortlyafter on each of the five collectors as a function of beam offset

the peak current. Also shown in Fig. 5 is the total current (Ar/rt) relative to a centered beam (Ar=O). Beam offsets

measured by the outer Faraday collector SFC5. Ar 4 0.5 r,1 result in changes in the measured current on
all five collectors relative to a centered beam of approxi-
mately 5%. As the magnitude of the beam offset increases,

V. TESTS OF DATA INVERSION ROUTINES: EFFECT the discrepancy between the measured current for the off-
OF BEAM OFFSET, NOISE AND MISSING DATA set beam compared with a centered beam increases. The
POINTS most serious problems occur with the centermost collec-

The most important source of nonsystematic error for tors. This problem is also most severe for beams with small
the instrument is beam centroid position offset from the Gaussian radii. Figure 7 shows the discrepancy in the cur-
nominal beam axis. Other sources of error include electro- rent collected by the center collector (SFCI) as a function
magnetic pickup in the signal cables as well as inaccuracies of beam offset (Ar/rct) for beams with Gaussian radius
in the calibration of Rogowski coils. Finally there can be aG equal to 1, 1.5, 2, 2.5, and 3 times the center collector
additional uncertainty in the half-current radius determi- radius (rd). As the beam radius increases, the change in
nation at various times during the beam pulse due to miss- the current collected by the center segment decreases
ing data points caused by low signal-to-noise on a given sharply and accordingly the error in the radius determina-
collector signal or redundant signals on two or more col- tion caused by the beam centroid offset decreases as well.
lectors. Simulated input data were used to test the data Figure 8 gives the fitted value of the Gaussian radius as a
inversion routines for the effects of beam centroid offset, function of beam offset from the data inversion routines for
random noise and missing data on the reconstructed half- beams with the same set of input Gaussian radii. Again it
current radius. is clear that the error is most significant for beams with
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th iecollector as a finnction of beam offset (A/)we r/is) rltive beto at in the calculated half-current radius-a aohecuracy better

*centered beam (Ar-O). The discrepanicies in the collected current be than that of the experimental measurement.
twoeen offse beamts and a centered beam are Wapes for the smaller radii
collector segments.

Gaussiani radii small compared to the beam offet
* ~(a6/lAr < 1). The simulations show, however, that even

for small beams (aG/rl = 1), beam centroid offsets of 4 t
0.5 rj result inno more than10% erroz in the radius .-

determination. A detailed examination of Fig. 8 suggests a 3 ......-

more general result, namely that the error is fixed at ap-
proximately 109o for beam center offsets equal to one-half z,, 2-na - .0
the beam radius. The simulation results show that for the < --- n-t.5

* ~typical +53 mm beam offsets encountered in SuperIflEX, n --2.0

the Faraday collector data inversion routine correctly gives in=2.5
the beam hal-current radius to within 10% of the actual n
value for small beams and to within even greater accuracy 0
for larger beatms 0 0.5 1 1.5 2 2.5 3

The two sources of random noise in the signals are an OFFSET (Ar/r,,)
* ~average * 5% uncertainty in the Rogowiki coil calibration

values and a 10-mV background due primarily to electro- FIG. S. The reconstructed half-current radii from the data inversion rou-
magnetic pickup in the cables. Random noms at the digi- time as a function of beam offse (Ar/ri) assuming a Gavemean beam
time sampling rate frequecDy at variou percetage of the proie with Gaussan radius aG - ar (n = 1. 1.5, 2, 2.5. and 3) whser

intataeos otlcuret mpitd ws ddd odh is the rdiuof thecenter colecor(SFCI). Ifthe beam usteidbeinstntaeoustotl curen ampitue wa aded t th one-lAuf the Gaussian radius or less, then the fitted halffcurrent radius
simulated input signal. This test was intended to study the is within io% of the actual half-current radius.
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Numerical simulation of the detector response sug- excitation energy, and t is the penetration distance or path
gested that this collector geometry could resolve the large length in the material. The stopping power increases pro-
half-current radii (a 1/2 = 5 cm) characteristic of the beam portionally to NZ, i.e., nearly proportionally to the mass
head as well as small half-current radii (a 112 4 1 cm) char- density; thus, the range of 5-MeV electrons is approxi-
acteristic of the beam radius at peak current. The combi- mately 12 mm in graphite (N = 9.0 X l012 cm -' and
nation of low current-density and large half-current radii Z=-6), but only about 3 mm in stainless steel (N
(al/2 = 5 cm), which would be characteristic of the beam = 8.6 X 10(2 cm - 3 and Z= 26 where the principal atomic
head, resulted in signal amplitudes comparable to back- constituent of stainless steel is iron).
ground noise levels for the center collector. Data on the As the electrons slow in the collector material, they
four remaining collectors were sufficient, however, to allow suffer numerous small-angle scattering collisions resulting 0
the fitting algorithms to produce fits to the input data good in substantial deviations from their initial straight-line tra-

to within the accuracy of the measurement (:-L 5%). Sim- jectory. This is of little concern in single-element large-area
ilarly, small half-current radii (a,12 < 1.5 cm), which Faraday collectors or multi-element devices with large sep-
would be characteristic of the peak current, produced re- aration between elements. However, in small-area, closely
dundant signals on the fourth and fifth collectors due to the spaced, multi-element Faraday collectors such as the one
low current density in the wings of a Gaussian profile, but described here, an electron incident on one segment may
gave distinct signals on the first four collector segments deposit its charge in another segment giving an erroneous
which were sufficient to determine the half-current radius measurement of the beam radial current density distribu-
again to within the accuracy of the experimental measure- tion. The velocity vector of an individual electron scatters
ment. into a Gaussian probability distribution of angles q about

its original direction,
VI. COMPETITION BETWEEN SCATTERING AND p(•) (W) - 1/2 ep( -a2/e2) (6)
RANGE EFFECTS

The low degree of ionization, surface damage and sec- where e increases 2

ondary electron emission make graphite a commonly em- d92 (t) 2 ( e2 )2 y2
ployedmaterialforuseasbeamdumpsaswellasforFar- - = 8irNZ ; 1 5-1
aday cup applications involving intense relativistic electron
beams. Preliminary experiments with the segmented con- /192 1 ' 0
centric Faraday collector on the SuperlBEX accelerator Xli T + hn(r 2 - 1) (7)
used collector segments made entirely of range-thick

graphite. At times late in the beam pulse, when optical The scattering rate varies as NZ2 and thus increases rap-
diagnostics viewing Cerenkov emission from a thin idly with the Z of the material.
Teflon 0 foil gave beam radii typically of 1.2 cm, the Far- To determine the degree to which a beam spreads out
aday collector indicated a radius as much as 20% larger, radially while stopping, it is necessary to solve Eqs. (6)
This discrepancy appears to have been due to electron scat- and (7) self-consistently. A Fokker-Planck-type equation
tering within the graphite from one collector segment to which incorporates stopping and scattering could be de-
another giving an anomalously large value for the half- rived and solved numerically. Equivalently, one could use
current radius. Since the radial current profile is typically a Monte Carlo numerical approach to calculate the elec-
peaked on axis, the scattering from one graphite Faraday tron transport. We do not need such an elaborate treat-
collector segment to the next statistically redistributes the meit here. Our objective is merely to understand the cir-
beam current distribution towards higher values for the cumstances in which scattering from one collector segment
half-current radius. The effect of electron scattering from to another is excessive and choose material for which this

one segment to the next in the Faraday collector was in- will be a negligible effect. To this end, we present in the
vestigated both theoretically and experimentally. Appendix an approximate solution in closed form of the

The range and scattering of charged particles incident scattering and stopping problem. For electrons with initial

on matter are old problems in physics that were treated energy 5 MeV, we find that the rms radius of the beam
extensively in the early days of particle accelerators.21-23 electrons at stopping Rp is given by 9
Energy loss or stopping of energetic electrons in a dense R R2 +.00+0.21 cm2  (8)
medium is given by"0 OW .2 m

, ,e2 2 y2 2m ) 1+1 in graphite anddy -4 e2\22[(2In~2 2

dt rNZ(\ ) ~InhA(W(-,)) I + ~ R 2 =R 2 +0.0017802+0.012 cm2  (9)

in stainless steel. Here R0 is the rms radius and 00 is the •
In (2 _ 1)1 (5) rms spread in velocity angles at the entrance plane to the

Faraday collector.
wherey = (I - v2/c2) '/2 is the usual relativistic factor, The solution shows that beam spreading falls off rap-
v is the particle velocity, N is the number density of atoms idly with the Z of the collector material, mainly because
in the collector, Z is the atomic number, e and m are the range shortening is the dominant effect. Equation (8) in-
electron charge and mass, (W) = 10 eV is a typical atomic dicates that spreading in a graphite collector is quite ap-



preciable for beam radii Ro, 1 cm, a regime of primary 500
interest in the SuperIBEX experiments. In stainless steel,
by contrast, spreading is only appreciable if R042 to 3 mm
well below the typical minimum beam radii encountered in
our experimentL In both cases, the term proportional to < - 7-

e02 which represents simply the effect of straight-line beam
trajectotes of electrons whose initial velocity is oblique, is Z iooo
a small correction to the scattering term; for 5-MeV elec- 0
trons; propagating in gas prior to striking the Faraday col- -1oo LAVE
lector, typically Ooe0.05. U

These calculations led to the design of the composite -200.- .
collector segment consisting of a thin graphite overlayer

followed by range-thick high-Z material such as stainless -2500W
steel. The stainless steel is the primary material for stop- 0 20 40 60 80 100

ping and collecting the incident electrons, whereas the pur- W TIME (nanoseconds)
pose of the graphite is to limit melting, spalling and sec-
ondary electron emission. 500t _ _ _ _ _ _

V1. COMPARISON OF GRAPHITE VERSUS 0
COMPOSITE COLLECTORS (EXPERIMENTAL
RESULTS) -500"

Experiments were conducted to verify the theoretical Z -¶000 - _-

prediction of appreciable scattering across collector ele- 1A31

ments with the low-Z graphite collector and negligible -1500
scattering with higher-Z stainless-stee elements. These ex- u i= •
periments also served to test whether the 3-mm graphite .20..0C0
overlayer was sufficient to limit surface damage to the un-
derlying stainless steel A range-thick stainless-steel aper- -2500-
ture with radius equal to the center segment was placed 0 2D 40 60 so 10
immediately in front of the Faraday cup. The outer colec- bI TIME (nanoseconds)
tors were thus prevented from collecting any beam current
except that scattered outward from the center collector. In FIG. 9. (a) Curnmt tramc for a beam indent on a VgrA&*Wy Faro-

the absence of scattering from one element to the next, day collector after pimng thrgh a range-thbck arure with radim
equal to that of the cent Faraday collector-Ii0F is the curent me-

nearly all the beam current which passes through the ap- stud, the cnter Faraday coector and 1AVE s an averae of the
erture would be collected by the center element and all the current masured in the for sur a unding caolectos There as a docor
Rogowski coils would measure the same current within the ancy of grater than 30% dcrepancy between IFCI and lAVE due to
limit of their calibration accuracy. If scattering is an ira- sattemng of ekero from the center clcor to the outer c•lecos

(b) The sme neaufent made on a Faraday coWlletor cofting of
portant effect, then there will be substantial beam current rnt,&k s tane me wth a thin grapite ovrlayer. Here the smat.
losses in the center collector relative to the adjacent col- taring has been gr•ady reduced and the direancy between IFCI and
lector. JAVE is muall. indiative merely of the noie ev in the mtmare.

The experiment was performed on SuperEBEX with
peak currents on the order of 2-10 kA. In the first group of graphite overlayer on top of range-thick stainless steel In
experiments, the center collector was made entirely of this case, there is little or no additional current read in the
graphite. In the second group of experiments, the center sounding collectors compared with the current me-
collector consisted of a 3-mm-thick graphite disk placed on sured on the center collector. The radiachromic film sur-
top of a range-thick stainlesssteel cylinder. In both exper- rounding the graphite center collector showed a significant
iments, radiachromic film was wrapped azimuthally degree of exposure due to radially scattered electrons,
around the center collector to detect any electrons scat whereas te ofim surrounding the composite graphiet and
tered from the center collector to the adjacent collector, stainles-steel collector showed essentially no exposure. In
Whereas the outer Faraday collector Rogowski loops me- addition, disassembly of the graphite and stailess-tee
sure 30% higher current than the center collector loop for collector showed no visible surface damage to the under
the case of graphite only, the composite collector consist- lying stainless-steel cylinder for current densities up to 4
ing of a thin graphite overlayer followed by range-thick kA/cm2"
stainless shows scattered current of less than 5%. Figure
9(a) shows the discrepancy between the current e -sured ACKNOWLEDGMENTS
in the first collector and an average of the current mea-
sured in the surrounding collectors for the center Faraday This work was supported by the Defense Advanced
collector made entirely of graphite. Figure 9(b) shows the Research Project Agency (DARPA), ARPA Order Num-
result for the center Faraday collector made of a 3-rm ber 7781, and the Office of Naval Research (ONR). The
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authors wish to acknowledge valuable discussions and where K,, is similarly a very weak function of (3, with the
technical assistance from Dr. R. Hubbard and Dr. R. value at yo = I I of 39 for graphite and 630 for stainless
Fernsler. Additional technical support was provided by A. steel. Inserting (A2) into (A3) and integrating then gives
Noll, G. Littlejohn, W. Dolinger, C. Spohr, and J. Santos. K ar W)

yo(yo- K, )"t)

APPMOIX: CALCLATION OF BEAM SCATTERING For a velocity space diffusion process, the evolution of
IN THE COLLECTOR SEGMENTS the rms radius R is related to the velocity-angle rms spread

In order to avoid the complexities of a full Fokker- E by
Planck treatment, we shall argue that the process of beam d2R 2  0
stopping and scattering can be separated into two disparate -Z,-2e(f). (A5)
regimes which we shall treat as appropriate limiting cases.
In the first regime, Regime (A), which applies to the early Upon inserting (A4) for 0, Eq. (AS) can be integrated
part of the beam electron trajectory in the collector, the twice to give
beam is well collimated with axial velocities v. much larger 2 + e K. 2K.y0
than transverse velocities v1. Scattering can then be treated R() =R2 + )t2-
as velocity diffusion in the two-dimensional transverse Kpo

plane. In the second regime, Regime (B), which applies
later in the trajectories, the beam electron velocities have X I I -- I - * J - I1
been nearly isotropized. Scattering is then appropriately

treated as a random walk in three-dimensional position (A6)
space. In both cases, energy loss must be treated self-con- It is reasonable to expect that this treatment is valid
sistently with scattering. qualitatively up to the value of t determined by

e(t) = I. (A7)Regis.. : Velocity diffusion According to Eqs. (A4) and (A2), this is given by
The beam enters the collector with only a small spread

•0 in velocity angles 69, typically this is on the order of 5% (A8) 0
for the 5-MeV, 10-20 kA beams produced by the Super 1'roK," + Ksm

IBEX accelerator. In this situation, the principal effect of and the value of y is then
scattering is to add random velocity increments to the
transverse electron velocity vi. This comes at the expense Kty° (A9)
of the axial velocity vo, but the decrease in v, due to the K.0 -- Keyo
scattering is small until 0 becomes a large angle. Thus the For graphite with r0 = 11, :t = 1.00 cm, yr= 3.6, and
process at work is velocity diffmon in the transverse plane,
which is directly represented by Eq. (7) for d92/dt. This R o+ 1.02 + 0.17 cm2. (A10)
equation must be integrated simultaneously with Eq. (5) For stainless steel with yo= 11, t:=0.13 cm, r, = 7.1, and
for r.

Equation (5) can be approximated by setting Rt=Ro+0.017@0+0.O06cm2. (All)
ln(2mc2/*(W))=ln(W10), and using an average value forthe Small tiMe-dependent Correction y-/2 + In(y -1 ). For At the point ti, the beam velocities have been largely

isotropized. We see that this occurs far along in the trajec-
initial value ro= 11, this gives tory for graphite, but early for stainless steel. It is also

dy apparent that the radial spreading in real space at this

W -Kum= - 1.37Xl-0NZ. (Al) point is much greater for the graphite than for stainless.

Although (Al) neglects various r-dependent factors on
the right-hand side, it is remarkably accurate; errors are on Reg*m B: Random walk In Uiw.e• h.nei-k
the order of 10%. It follows that position sma

y=yo- Kwp, (A2) For t>t,, we shall treat the beam electrons as if they

where the subscript zero indicates the value at the entrance were isotropic in , locity distribution (although this is still

to the collector. Kmp can be regarded as a very weakly only roughly true at ti). Thus scattering no longer provides

dependent function of yo; for yo = 11, K1op has a numerical a net transfer of energy from vz to v', and two-dimensional

value of 7.4 for graphite and 30 for stainless steel. velocity-space diffusion for v, is no longer an appropriate

In the same spirit, Eq. (7) for e2 can be approximated model. From this point on, individual electrons can be

as regarded as doing a random walk with constant speed c
(we neglect the decrease in speed for r= 1) and with the

de2(t) Ko, -3. NZ 2  time-step t equal to the time for an electron to scatterdt=-7-= 12X10-- (A"'
d7 addionally through e = vr/2, and thus loe the memory
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of its velocity direction. According to Eq. (A4), 7 is a It is apparent that radial spreading is signihca t in graphite
decreasing function of t given by for beams with Ro< I cm, but in stainless steel only for

?w _T _A12 beams with Ro< m3 .
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Enhanced mixing from shock-generated turbulence in
dusty air

P. Boris, J. Boris. RL HubIbrd, Z. Oram, &ad S. S16hes
------ Leabri fro, Cwwution Phynam & Plasm Pkma Di . Namsl Rmw, Lww ,ar. Wdaeimgm. DC

2WItS-.,00. USA

Abstract. Rapid, localised deposition of energy in air accompanies the propagation of laor
beams, lightening bolts, and charged-particle beams. Unlem the beam and the ionized chaanel in
which it propagates are perfectly symmetric, uniform, and coaxial, there is misalignment between
pressure gradents generated by the shocks associated with the energy depoition and the density
gradients induced by the rapid expansion of the heated beam channel. Thi results in persistent
vorticity rapidly cascading into turbulence. This shock-generated turbulence mixes cold gas from
outaille the chanu with the beam-heated gas, quenching and broadening the channel much
faster than thermal conductivity moulddsuggest. This "anomalous thermal conduction," which in
lightening bolts accounts for much of the Earth's nitrogen fixation, was first observed without
explanation in experiments (Grieg et al. 1985). It was subsequently explained theoretically and
simulated computationally in a number of two-dimensional caes (Picone et al. 1981, Picone and
Boris 1983, 1968). Recent experiments at Livermore, discussed in (Hubbard 1990) with very
uniform symmetric beans in lean gas, however, showed markedly less turbulence than earlier
experiments, suggsmtinthat possibly the purity of the propagation gas may have been a factor.
This paper reports 2-D and 3-D simulations induding the enhanced turbulence arising frosa dust

investigation of weak particles exploded by the beam in air.
Proc 15tb Intl Syrup Key werds: Dusty air, Mixing, Turbulence

n. Adiabatic waves in

1. Description of the simulation codes
reflection of a shock
29-248:422 Compressible gasdynamic problems involving both rotational effects (vortices, turbulence) and

'f planar shock waves compressible eflects (sound waves, shocks) are described by a st of multidimensional coatinuity

on Shock Tubes and equations which express the physical laws of mass, momentum, and energy conservation. In 2-D
asudynamics there are four continuity equations all having basically the same form. In 3-D there

gas in a shock tube. are five. Each of these equations requires an accurate, high-reislution algorithm for its solution
because fluid lroblems usually generate very steep gradients in the solution such as at shocks and

nonlinear hypersonic vortex interaction boundaries (Bork and Book 1976).
Each of the individual continuity equations, in each of the Cartesian directions is solved

by a single, highly optimized algorithm called Flux-C6rrected Transport which guarantees the
physically important positivity property of fluid meas and energy densities. We use the most
recent one-dimensional version of the FCT algorithm, LCPFkCT (Boris et al. 1991) to solve the set
of coupled continuity equations. This flexible general module is used with direction and timestep
splitting to construct two-dimensional and three-dimensional simulations which allow physically
realistic boundary conditions in a number of non-periodic geometries. The kernel of the algorithm
consists of about 30 lines of C-star which has been specifically designed and optimized for parallel
computation on the Connection Machine.

A Connection Machine consists of many thousands of individual scalar processors connected
in a hypercube configuration (Oran et al. 1990a, 1990b). Communication to and control of these
processors is through a front-end comnufer. Tife user controls the 16,384 processors on the CM
through a front-end computer; at NRL these are Suns. Each of the individual processors can be
reconfigured into a larger number of virtual processors, typically in powers of two. The actual
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3 show density contours and vorticity contours. The second set of parameters was for a five pulse
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came where Fip. 4 and 5 correspond to the same quantities a described in the two pulse cam.
Figure 2 showed that over the 2 as time scal of relevance for ATA/MPPE the channel did not
deform significantly for the listed parameters. This figure, coupled with the lack of turbulence
seen on the vorticity plot in Fig. 3 and with the velocity data taken from the FCT code (Vmax
after equilibrium of 2-3 m/s) lead to the conclusion that turbulence won't be a factor in the two

*' pulse experiments.
* The five pulse case was very different, however. Figure 4 showed much reater channel defor-

mation after the fifth pulse than was seen in the two pulse case. Thi deformation, added to the
complex votticity pattern shown in Fig. 5 and the large maximum fuid velocities (10-15 m/a),
lead to the conclusion that turbulence would play a major role in the beam propagation exper-
iment modeled by this simulation. The turbulence effect could be lessened if the beam-channel

* offsets are kept small (i.e. less than s 0.1 R4) and interpulse separation short (i.e. lees than m 1
ms).

3. Three-dimeniod simulations

The recent symmetric beam expeimentest -ativermore (Hubbard 1990) in uniform clean gas
showed much less turbulence than earlier experiments. Several different reasons were postulated
for this difference: 1) large, undiagnosed differences between the two sets of experiments such as
two-dimensional filamentation of the earlier beams, 2) high sensitivity to three-dimensional beam
instablity effects not treated in previous theoretical work nor accessible to earlier computations,
and 3) the generation of small-scaJe turbulence by nicron-scale particulate inclusions in the gas
which explode in the beam, Earlier generations of lase experiments, in fact, employed particulates
to cause the initial channel ionization and breakdown.

We now present 3-D time-dependent numerical simulations of shock-generated turbulence in
the presence of suspended dust ptickles. Because of the obvious differences in the attention to
the purity of the propagation gases in the various experiments, this third alternative was a priori
coosidered to be the most likely explanatiod and the subject of the 3-D numerical experiments
reported here. Previous research on shock-generated turbulence had avoided the specifically 3-D
effects such as particle inclusion asymmetries because digital computing hardware, until the last
two or three years, has been too small and slow to permit adequate treatment of the 3-D problem.
The inclusion problem is particularly difficult in 3-D because of the wide range of space scales
involved. With the arrival of multiprocessor Crays in the scientific community with millions of
words of memory, and in particular, with the arrival of the massively parallel TMC Connection
Machine at NRL, such computations became possible.

The 3-D effects of particle inclusions in beam-generated turbulence were studied in several
long computations using our optimized Flux-Corrected Transport model FAST3D with a 256 x
128 x 128 grid an the CM. The computational cells were 0.1 nim on a side. The straight beam
channel, initially at rest, had a linear density profile from 0.43 mg/cms inside of 2.0 mm radius
increasing to 1.29 mg/cm 3 at 2.5 nmn radius and beyond. 25 lower density pockets (particulate
inclusions) were added on a helix of radius 1.5 mm. Each inclusion had a factor of two density
reduction in an expanded radius of 0.4 mm, representing a dust particle already exploded by the
initial beam. A second beam pulse was represented by a 1.0 mm radius 10:1 overpressure in a
mode 3 oscillating path in the center of the channel with a displacement of 1.0 mm. This roughly
represents a hose-like perturbation of about 8.5 mm wavelength. The density initial conditions
are shown in Fig. 6 for a number of slices along the length of the beam channel. The inclusions
are seen as dark spots near the periphery of the channel.

After the initial rapid expansion to pressure 'eqvilibrium, a residual flow of complex vortex
filaments remains and linearly increases the arem of the well mixed region. The large-scale vorticity
pattern generated by the expansion shock, and the weli-developed turbulent state after 4000



Shock pmawaad tubukam - dufty air U7

two pulse came.
hannel did not
*of turbulence

T code (Vzax & a
Clot in the two0

channel defor-

!S (10415 M/8),

agation expel-
*beam-channelo
*less than at 1

frm~ clean gas-
w-ere postulated9
-inenta such as
!Ienaiknal beam
computations,

,ions in the gsm
aed particulates

I turbulence in0
ae attention to

ave wasn a priori
a)expermet

ipecifically 3-D
',unil te lat 11. Hosted chamad &L 250 pose

e 3-D problem. IA

of spac scale$
-ith millions of
.tC connection

died in seveal IA

)with a 256 x 0
straight beam C0.5
2.0 mmi radius
tAS (particulate A, 0. Entroinmens Volume
of two densityI
xploded by the 0@4 20 5

-!rpresure in a as 9 S 0 5 0

1. This roughly i.uozec
itial conditions llg. Chamad aa...eewic vs. ha

The inclusions

.omplex vortex timesteps (250 is) are shown in Fig. 7 where a remnant of the large-scale sinusoidal perturbation is
--scale vorticity overlaid with appreciable small-scale turbulence from the inclusions. The long-term linear growth

ag afe 000 of the beam-channel area corresponds to an anomalous diffusion coefficient of 140 cm2 /s as shown
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in Fig. S. Although the detailed simulations left residual turbulence velocities of about 40 m/s Imt
four or five times faster than previously observed in 2-D simulations, these flows are still slow
compared to the sound speed and thus require many short timesteps. To deal with this, the T. I
timestep stretching algorithm developed sand implemented in the original 2-D CM hewn-channel b

code (Picone and Boris 1983) was adapted to the FAST3) umodel. Since the residual turbulent H

flows exceed 40 m/s, the time stretching factor was limited to 4:1 and could only be applied after
the initial fast shock solutions from the second beam overpressure had exited the computational As

*domain. The method o( applicato, essetially an artificial compression algorithm, was designed or
to guarantee no numerical vorticity generation in imetropic regions. bubt

Using this algorithm and completely filling the 16K processor NRL CounctiOn Machine the 0
first 200 ins of the beam channel evolution will he simulated. The mixing diagnostic used was theter
time evolution of the entrainment volume, defined as the volume of the gao in the initial beam ins
channel plus the volume of any background air entrained out to the 5% channel gas contour level.
The results of theme simvulations show that dust particles can indeed contribute significantly to Key
the shock-generated turoulence due to the exceedingly sharp gradients and small scale. which

* ~~they induce. 1h

I..L
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Reverberation Modeling with the Adiabatic Normal Mode Model
Applications to the ARSRP Experiments

Dalcio K. Dacol, Paul Boris (SAIC), Edward Jennings,
Elisabeth Kim (PSI).

Naval Research Laboratory
Acoustics Division

Washington, D.C. 20375-5350

1. INTRODUCTION

Our objective is to develop a model fr the lon ng revbmeri in the ARSRP namml
laboay that a We to. reproduce- the ma* quaiatve fesmmL ot dtdam. and&uo aidsa
reL e qumntw Oeimaof such revelt dmo evels We havebmowns t adiabatic
normal mode3 mOdel to eStMate the -tasmiss lossL A full wave b calcadw
allows us to esanmm amo ft scan ag smgbzs.

2. REVERBERATION-M.OD G

Once we compute the s ion loss and the satutng coefficients using an approach
discussed by the authors in previous meeetings, we follow a procedure similar to the one und
by Makris [1] to map the experimental i to the bathymetry. Since the geaunty
for the Acoustics Reconnaissance experiment was to a good apoimann monosaulc we conider
here only this case.

From our approximate solution to the Helmholtz equation for the acoustic field we obtain
estimates for the intensity of the acoustic field at the bottom and for the backscatreed field
at the bottom. Then we carry out a spatial convolution of the product of the intensities of the
incident and the backsacred fields at the bottom with the beam pattewn of the receiving May.
This procedure involves computing for each point on the reverberation map at a distance R from
the source, an integral over an annulus with the same radius on the horizontal plan, centad on
the source, and with width equal to a pulse lenght This quantity is then plotted on the hoizntl
plane covering the region of interest.

3. CONCLUSIONS

SWe present five plots. The first one, labeled Bathymetry, shows the bathymety in the
natural laboratory, with the SW corner at coordinates 25.3 N - 47.4 W and the NE corner at
coordinates 27.4N - 45.0W, corresponding to a 240 km by 240 Iam area. This is the high
resolution bathymetry and it differs significatively prom the one in the DB5 database. Just below

it is a experimentally obtained reverberation map extracted by N. Makris from the data collected

* at the ARSRP Acoustics Reconnaissance experiment. The other three plots represent our attempt
to simulate this data set. The parameters are those of the experiment, with the frequncy being

0
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:70 Hz. The third plot is the transmission loss at the bottom over the same area as in the
bathvmeu-y plot. The fourth plot is the dB level of the backscanered field at the bottom, also
over the 240 km by 240 km region. Finally, the fifth plot, entitled Reverberation Map, presents
our attemp to reproduce the experimental dam mentioned above. Noticed that area has been
reduced to conform with the data, instead of a 240 km by 240 km area, we present the
reverberation over a 222 km by = km region. Some of the qualitative features of the data are
reproduced, including the returns from the big spot on the left side, near mid-height in the
empirical reverberation map. But the reverberation level is quite off. While the reverberaton
level in the data ranges from 40 dB to 100 dB, ours ranges from 3 dB to 46 dB. At this mont
we do not know whether this huge difference is due to the ommission of some factor in our
processing of the synthetic data or in the acoustic field modeling itself.
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HYDRODYNAMIC SIMULATIONS OF BEAM-GENERATED
TURBULENCE IN CHANNELS*

P. Boris**, J. Boris, R. Hubbard, E. Oran, J. Picone. S. Slinker

Naval Research Laboratory, Washington. DC 20375-5000

INTRODUCTION

Heated columns or channels have been produced at several laboratories using lasers, guided
discharges, or propagating relativistic electron beams. These experiments' have shown that
turbulent or convective mixing of the hot air with the cooler gas outside the channel causes the
channels to cool much more rapidly than expected from classical thermal conduction. Picone
and Boris2 modeled this process using a standard 2-D FCT hydro code and developed simple
phenomenological models for incorporating convective cooling in axisymmetric models. These
simple models use a form factor f to model the cooling process and have been used by several
groups3 '4 to predict range extension effects in the upcoming ATA Multi-Pulse Propagation
Experiment (ATA/MPPE).

ATA/MPPE will attempt to produce beams which can propagate with modest hose insta-
bility growth, thus producing nearly axisymmetrc deposition patterns. However, most previous
experiments and simulations treated cases with highly asymmetric deposition profiles, so rela-
tively little is known in the regime of interest to ATA/MPPE. In this paper, we describe 2-0
hydro calculations using a new FCTs algorithm developed for NRL's massively-paralel Con-
nection Machine. Since the time scales of interest for ATA/MPPE are much longer than those
in the original Picone-Boris study2 and a finer spatial grid is required, these simulations would
have been very expensive to run on a CRAY. A major goal of this study is to estimate the
scaling of the Picone-Boris form factor f in the nearly-axisymmetric regime.

PROBLEM DEFINITION

A version of the LCPFCTs code was run for several sets of possible ATA/MPPE parame-
ters. Both two pulse and five pulse cases were studied. The turbulence problems were set up on
a 256 by 256 grid with periodic boundary conditions. Both a stretching and a damping factor
were added to the grid in order to limit errors caused by reflected shock waves feeding back

-- into the calculations through the boundary conditions. The simulations assumed that the first
*- pulse generated a smooth gaussian density depression, and the calculations began at the arrival

of the second pulse, which created an offset gaussian overpressure. In the five pulse cases, a
third pulse was added after 2.0 ms, a fourth after 4.0 ms, and so forth. Each pulse after the
second was offset from the channel center randomly in a square pattern at a distance L. 0.5
cm in this case. The random placement of these pulses simulated the inherent uncertainty in
aiming the particle beam in the experiment.

The physical parameters for the two pulse case were: characteristic channel radius, R, =
.800 cm. characteristic beam radius, Rb = .600 cm, channel center density, P, = 8.90 X 10-4

gm/cc, and beam center overpressure, Pb -- 2 x Pa. The numerical parameters were set

to a cell size of 0.1 cm in both the x and y directions and to a simulation run time of 2.0 ms.



The multi-pulse case had these parameters: characteristic channel radius, R, = .868 cm,
characteristic beam radius. Rb = .600 cm. channel center density, pc = 5.90 x 10- 4 gm/cc.
and beam center overpressure, 6 Pb = 2 x P.. The numerical parameters were set to a cell
size of 0.1 cm in both the x and y directions and to a simulation run time of 6.8 ms.

DESCRIPTION OF CODE

Compressible gasdynamic problems generally involve both rotational effects (vortices, tur-
bulence, etc.) and compressible effects (sound waves, shocks, etc.) but are described by a S
set of multidimensional continuity equations (partial differential equations) which express the
physical laws of mass, momentum, and energy conservation. In 2-D gasdynamics there are
four continuity equations all having basically the same form. Each of these equations requires
an accurate, high-resolution algorithm for its solution because fluid problems generally generate
very steep gradients in the solution such as at shocks and vortex interaction boundaries.' 5

Each of the four individual continuity equations, in each of the two Cartesian directions is
solved by a single, highly optimized algorithm called Flux-Corrected Transport which guarantees
the physically important positivity property of fluid mass and energy densities. This fluid
convection module to solve the set of coupled continuity equations, is the most recent one-
dimensional version of the FCT algorithm5 , LCPFCT. This flexible general module is used
with direction and timestep splitting to construct two-dimensional simulations which allow
physically realistic boundary conditions in a number of non-periodic geometries. The kernel
of the algorithm consists of about 30 lines of C-star which has been specifically designed and
optimized for parallel computation on the Connection Machine.

A Connection Machine consists of many thousands of individual scalar processors con-
nected in a hypercube configurationg. Communication to and control of these processors is
through a front-end computer. At NRL, there are two Connection Machines, one with 16,384
(16K) processors and one with 8,192 (6K) processors. The user controls these through one of
several kinds of front ends: a VAX, a Symbolics, or a Sun. Each of the individual processors can
be reconfigured into a larger number of virtual processors, typically in powers of two, the actual
number limited by the storage required for the algorithm and the size of the computational
grid. Floating-point arithmethic is carried out by Weitek chips, each of which does pipelined
processing of the floating-point operations for 32 of the scalar processors.

RESULTS

In order to estimate the Picone-Boris form factor, f: the equation given by
f = K/g(6Pb/P.)(R'/1erq)bn(p,/pc) must be solved. Here, . was the integrated vor-

tex filament strength, g = (Rbf - Rb)2 /R 2 was a measure of the beam expansion rate to its
final value Rbf, bPb was the beam-generated overpressure, P. was the ambient pressure, r.,
was the equilibration time for the vortex filament strength, and p. and pc were the ambient
and channel densities, respectively. For the parameters listed above, the quantity g = 0.23. •

Values of f, K, and req are listed in table 1 for various values of the beam-channel offset,
L. Table 1, yielded the graph in figure 1 which represented one curve of the family of curves
that make up the form factor. The curve obtained by this code strongly resembled the curves
generated by Picone and Boris and for L < Rb, f was proportional to L, thus supporting the



assumptions made in Ref. 3.
The following pictures show graphically the turbulent effects that can occur with multiple

particle beams in air. The first set of parameters was for a two pulse simulation and figures
2 and 3 show density contours and vorticity contours. The second set of parameters was for
a five pulse case where figures 4 and 5 correspond to the same quantities as described in the
two pulse case.

CONCLUSIONS

Figure 2 showed that over the 2 ms time scales of relevance for ATA/MPPE the channel
did not deform significantly for the listed parameters. This figure, coupled with the lack of
turbulence seen on the vorticity plot in figure 3 and with the velocity data taken from the FCT
code (vmax after equilibrium of 2-3 meters/second) lead to the conclusion that turbulence
won't be a factor in the two pulse experiments.

The five pulse case was very different, however. Figure 4 showed much greater channel
deformation after the fifth pulse than was seen in the two pulse case. This deformation, added
to the complex vorticity pattern shown in figure 5 and the large maximum fluid velocities (10-15
meters/second) lead to the conclusion that turbulence would play a major role in the beom
propagation experiment modeled by this simulation. The turbulence effect could be lessened
if the beam-channel offsets are kept small (i.e. less than k 0.1 Rb) and interpulse separation
short (i.e. less than - 1 ms).

The beam-channel offset used for the five pulse simulations in this paper was probably
too large for the ATA/MPPE experiment. The pulse to pulse overpressure ratio in the actual
experiment will decrease with pulse number. As a result of these factors, more simulations will
have to be conducted to better model the experiment.
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BEAN PROPAGATION IN CHANNELS

R. F. Hubbard, S. P. Slinker, R. D. Taylor,** R. F. Fernsler

A, W. Ali, G. Joyce and P. Boris

Naval Research Laboratory, Washington, DC 20375-5000

I. INTRODUCTION

Beam propagation in density channels is a major focus of the current

DARPA experimental program. The ATA Multi-Pulse Propagation Experiment (KPPE)

will attempt to demonstrate stability, tracking and range extension in the

channel formed by a five-pulse burst of 10 MeV, 6-8 kA beams. Also inprogress

are tracking experiments at NRL using the PULSERAD and SuperIlBEX beams in

laser-guided electric discharge (LGED) channels. This paper provides an

overview of theoretical work at NRL in support of these propagation

experiments. More detail can be found in Refs. 1-7.

I1. ATA MULTI-PULSE PROPAGATION STUDIES

Overview: Detailed predictions for an ATA/MPPE burst require treatment

of the complicated coupling between beam propagation and channel physics over
times scales up to 5 msec. To address these problems, we have carried out
five-pulse axisymmetric simulations which combine the SIMMO beam propagation

code, the CHMAIR II detailed air chemsitry code and the HINT long-time-scale
chemistry and hydro code. 1  The redults are used to predict the range of each
pulse and to provide realistic channels for SARLAC hose instability

simulations. Supporting these simulations are more detailed studies of

certain air chemistry effects 2 and convective cooling. 3 We have also studied

the sensitivity of lead pulse hose instability growth to the amplitude of BBU

and corkscrew-induced perturbations4 and choice of emittance tailoring

method. 5  Finally, we have assessed the feasibility of an ATA pulse-decoupling

experiment. 6

Typical parameters for these studies are beam energy E0 = 10 MeV, peak

curent 10 = 5 kA, nominal beam radius ab = 0.5cm, pulse length Tp = 33 nsec,

pulse separation ts = 1.25 msec and an emittabce variation of 4:1.

1
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multi-pulse axisymmetric propagation and channel dynamics: In these

simulatins, the SIHHO particle code is used for T < x to propagate the beam

abd dump beam current density Jb(r,C,z). Here C = cr = ct - z is the distance

from the beam head and z is the propagation distance in air. CHMAIR I uses

the Jb input from SIMMO to calculate beam and ohmic depoeition and detailed

air chemistry fortp < T < 2Tp at several z-locations. HINT is then used to

calculate the ling-time-scale behavior of the channel (t < T.), including the

effects of htdrodynamic expansion, thermal and convective cooling, and

vibrational relaxation. This generates a density profile p(r,z) which is

input into Simm0 for the next pulse in the burst, and the process id repeated.

Six simulations were run to determine the sensitivity of the channel

depth and the transported beam fluence to model assumptions. The fluence

0 n(R,z) is defined as the transported beam charge for the nth pulse vithin a

radius R of the beam axis at a fixed location z. The ratio 05/01 for R - 1.1

cm and z = 6 m varied between 1.4 and 1.85, indicating modest range extension.

The channel depth at z = 0 was very sensitive to the assumed Picone-Boris form

factor f for convective cooling:3 the on-axis density at the fifth pulse was a

factor of two higher when f was raised from 0 to 0.05. Hovever,the predicted

fluence at z= 6 m changed by less than 15% because the convect~vely-cooled S

channel was significantly broader. Changes in the assumed chemistry model for

SIH0O and the inclusion of enhanced vibrational cooling from CO2 produced

modest but noticible changes in the fluence.2

Chemistry effects in ATA/MPPE: A new air chemistry model for SIMMO and 0

SARLAC was developed using these same basic approach as in the standard

"VIPER" model. The new model includes attachment and revised rate coeficients

benchmarked against detailed CHRAIR II calculations in the ATA/MPPE regime.

The new model gives similar axisymmetric behavior and generates sligthly more

hose instability growth. The second major focus of the air chemistry studies

was a treatment of the transfer of the energy stored in N2 vibrational

excitations to gas heating. This process occurs on the millisecond time scale

but can be speeded up by adding a small amount of CO2 or water vapor.

Convective cooling in heated air channels: 3

2



Fig 1. Initial dis- Fig 2. X(&) and Y(Q) Fig 3. X(Q) and Y(M) at
placement X(C,0) and at z = 6m for Case A2. z = 8m or Case A3. 10 is
Y(MO) (solid and BBU-induced hose is raised to 8 kA; bean is
dashed lines): Case A2 stronger (solid line), more unstable.

III. RADLAC HOSE INSTABILITY SIMULATIONS

Overview: Both HF and LF perturbations are produced in RADLAC even

though BBU is thought to be unimportant. A series of SARLAC simulations were
performed using a 0.02 cm 830 MHz HF perturbation in x and a 0.2 cm (at

S= 900 cm) sweep perturbation in y. Nominal beam parameters in the
simulations were 10 = 10 kA, y0 = 41 (ramped in some cases), beam radius
ab = 2 cm, rise length r, = 300 cm and normalized emittance tapering by a

factor nt of 2-4 over a characteristic length of 200 cm.

RADLAC simulation results: Six simulations were performed as described

in the table below. The energies Emin and Emax define the range of the energy

ramp, and Xmax and Ymax are the maximum hose amplitudes at • = 900 cm

exhibited in 12 m of propagation.

Case Emin EMAX 0 t Comment Xmax Ymx

Ri 20 MeV @0 MeV 4 - 0.5 cm 0.5 cm
R2 20 20 4 ab=l.5cm 2.5 0.8
R3 5 20 2 - > 20 > 5
R4 5 20 4 - 4.5 1.5
R5 5 20 4 Y =0.02cm 4.5 0.6
R6 10 20 4 Faster y-ramp 1.1 0.4

As in the ATA simulations the high frequency modes dominate even though

they are initiated at a smaller amplitude. Comparing Cases R1 and R3, it is

apparent that relying on the natural tailoring which comes about from the

energy ramp may lead to unacceptably large hose amplitudes. This is in part
0

3



.because the head is so hot that it is quickly lost, leaving behind a poorly-
Stailored beam. Even when the 4:1 emittance variation is restored to a beam

with a y-ramp (Case R4), the beam is more unstable than in the constant energy

case. Figure 4 plots X(z) and Y(z) at • = 675 cm for Case R4, shoving an

initial damping of the LF mode followed by an eventual coupling to the faster-

growing HF mode. Hose amplitudes versus C at z = 120 cm are shown for this

case (Fig.5) and for the more unstable weakly-tapered Case R3 (Fig. 6).

9

Fig 4 X(z) and Y(z) at Fig 5. X(Q) and Y(Q) at Fig. 6. X(C) and Y(Q) at
S= 675cm for RADLAC z = 12 m for Case R4. z = 12 m for Case R4

Case R4. Note initial HF mode (solid line) (weaker taper). Note
decay in Y (dash line). dominates, shorter pulse length. •

IV. CONCLUSIONS AND REFERENCES

For both ATA and RADLAC, high frequency perturbations appear to couple S
more strongly to the resistive hose instability and should be suppressed if

possible even at the expense of higher sweep amplitudes.

1. G. Joyce, R. Hubbard, M.lampe and S. Slinker, J. Comp. Phys. 81, 193
(1989).

2. G. Caporaso, A. Cole and K. Struve, LLNL Report UCID-88262 (!983).
3. D. Keeley, these proceedings.
4. R. Hubbard, et al Poster I-11, these proceedings.

Supported by the Defense Advanced research Projects Agency, ARPA Order No.
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FOIL FOCUSING FOR TRANSPORT MAD CONDITIOKT*

R. Fernsler, R. Hubbard, S. Slinker

Naval Research Laboratory, Washington, D.C.

P. Boris,

SAIC, McLean, VA.

INTRODUCTION

Adler and Humphries have proposed foil focusing as a means of

transporting electron beams, while Farley3 has proposed foil focusing for

conditioning. In this paper ve address various issues relating to the use of

foils for transpocting an&. conditioning ultrarelativistic beauts.

FOCAL LENGTH

An isolated foillmay be treated as a thin lens of focal length f

provided fE >> b and b 3/3C << 1, where the pipe radius b characterizes- thr

axial range of the foil fields and C = ct-z measures distance behind the bean

head. We have extended the analysis of Adler to compute ft for four bean

profiles: flat-topped, Gaussian, parabolic, and Bessel. Plots of f in units

of RIA/(1-fc)Ib versus r/R are shown belov for three values of b/R; here R is

the rms beam radius, IA = 17y kA is the Alfven current, and fc (= 0 in

vacuum) is a plasma charge-neutralization fraction. We conclude from these

plots that: (i) f is relatively insensitive to beam profile; (ii) the

0J -•-

r

23-;A ;A " -

Fig. 1. Focal length f£ in units of RIA /(1-fc)Ib for b/R 2, 5, 10.

• Work supported by the Defense Advanced Research Projects Agency ARPA Order
No. 4395, Amendment No. 80, monitored by the Naval Surface Warfare Center.



paraxial treatment (f. >> b) is valid only if («-fc)I5/IA << 0.2; and (iii),

foils are imperfect lenses with 2fE/ar * 0.

EMITTANCE GROWTH
Ve have found that a thin lens alters the normalized beam emittance c by

,2 2 2" fo Cfi

where 2 2 22 2 2
C 2 . Y [R2 <(rifE) 2 > - <r 2 /fC> 2 ]

and

9f - y22 [R2 <u r/cf > - <r2/f ><Urr/c>].

Here Ur (r) is the radial fluid velocity at r. Some general properties are:

(i) Se - 0 for a perfect lens (constant fE); (ii) UC is independent of the

thermal velocity, 6v1 . - urt; and (iii), cfl " 0 if the beau expands

self-similarly (u r r). Hence, unless the beau profile changes radically,

the emittance increases quadradically by 2fo

Using the previous results for f,, we find that for foils

Cfo g 93 R ( 1-fc)Ib/ 1 7 kA

where g3 = 0.1 for flat-topped profiles, g3 = 0.2 for parabolic and Bessel

profiles, and g3 = 0.5 for Gaussian profiles. The use 3 of flat-topped

profiles may thus considerably underestimate the emittance increase produced

by anharmonic foil focusing. Observe that cfo, like the emittance increase

from foil scattering, is independent of beam energy y. A foil thus tailors C

only if R (or Ib) varies with C.

MULTI-FOIL TRANSPORT:

Interactions between adjacent foils become important at foil spacings

d < b. The preceding theory of foil focusing can, however, be readily

adapted provided the focal length within each foil cell satisfies fE >> d.

This condition becomes the new paraxial condition and allows the foil cells

to be treated as separate thin lenses.



Simple ray optics4 shows that a beam passing through a series of lenses

at fixed spacing d and constant fC is stable provided d < 4f.. For a

harmonic lens but with f E R, we find that stability requires d < 2f,, twice

as restrictive as for constant f C At very large R, saturation occurs. We

have also derived a general "matching condition" for a beam of given

emittance c:

d = 2f (1 + [1 - (yRn2 /f 2]1/2 > 2f•,

where Rmin is the (minimum) radius between foils. Because this condition

violates the stability criterion, we conclude that a matched, stable beam is

not possible with foils - i.e., the beam must vary from one foil cell to

another. Moreover, emittance growth from anharmonic focusing or foil

scattering eventually causes the radius to grow linearly with foil number n.

FRIEZR SIMULATIONS
We have run two types of FRIEZR simulations: those that explicitly

compute the foil fields, and those that use the thin-lens formalism. The

former can treat a broader class of problems, but it requires small spatial

and temporal steps to resolve the foil fields. The full codc typically

agrees with the theoretical calculations for the focal length and emittance

growth to within 20%. Moreover, simulations of multi-foil transport are

consistent with the analytical predictions for stability and radius growth,

even at high Ib/IA where the paraxial approximation and the analysis fail.

The use of foils for conditioning was examined using the thin-lens

approximation in FRIEZR. Shown below are typical results for ATA using 2-mil
carbon foils at z = 0, 39, 60 cm and 30-mil at z = 78 cm in an evacuated tank

of radius 7 cm. The beam parameters were y = 21, Ib = 6 kA with a 10 ns

rise, R = 1 cm, and c = 0.46 rad-cm. Although R and c are well tailored at

exit, c is higher than desired in the tail. Such overheating worsens at

higher Ib/IA*

CONCLUSIONS
Our analysis and simulations indicate that foil transport and

conditioning work best at low Ib/IA and short distances. At high Ib/IAP

emittance growth from scattering or anharmonic focusing becomes excessive,



and this growth accelerates as the beam expands. For transport, we have

found that the foil spacing must be kept small to prevent unstable grovth.

Beam Radius RMS Emittance
4

°5
z~-.4

°I
-2

00

100 200 3W 40 500 60 100 200 30 400 500 600
40V - ((CM)

Fig. 2. ATA Multi-Foil Tailoring Cell (z . 78 cm).
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VI=E CLS I: VACUUM*

R. Fernsler, S. Slinker
Naval Research Laboratory, Washington, D.C.

P. Boris
SAIC, McLean, VA

INTRODUCTION

In this paper ve summarize our present theoretical understanding of

active and passive vacuum vire cells as devices for centering or tailoring

relativistic electron beams. The analytic theory is revieved first, folloved

by numerical simulations. Gas-filled vire cells are considered separately in

the companion paper, "Vire Cells II: Gas."

THEORY

In this section ve present results from analytic calculations. Ve begin
vith a brief description of passive and active vire cells.

A passive vacuum vire cell consists of a thin resistive vire centered in

an evacuated pipe vith conducting end plates.I The beam induces a charge 'V

and current I v on the vire. The vire resistance R v resistively dams" Iv in a

time Lv/Rv, vhere Lv is the vire inductance. As a consequence, an

electrostatic pinch force (from Xv) develops vith tim.

An active vacuum vire cell uses a highly conducting vire vith an external

current. 2 Because Rv a 0, the attractive and repulsive forces from the

induced vire charge and current nearly cancel, leaving the magnetic force

from the external current, lext, to pinch and center the beas.

Avay from the end plates and to order y 2, the only force on the beam

electrons is the vire force, Fv = - 2Tw/r where Tv a e(Iv/c - Xv). The large

spread in electron oscillation frequency, #, t 1/r, causes rapid phase-mix

damping so that the bean quickly centers and equilibrates about the vire.

Inside the vire cell, the average equilibrium beam temperature is given,

independent of injection conditions, by

a

*T T' f~dr 2XkrFv(r) %

0 1b

*Work supported by the Defense Advance Research Projects Agency, ARPA Order
No. 4395, Ammdment 80, monitored by the Naval Surface Warfare Center.
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to order av2//ab2 << 1. Here av is the wire radius, ab is the bean radius, Jb O

is the beam current density, and Ib is the beam current. By contrast, the

equilibrium temperature of a self-pinched, self-similar beam in air is given

by TB - eIeff/ 2 c, where I eff < Ib is the effective current. An active wire

cell thus does not overheat the beam (T v _ TB) provided •

Iext - Ie ff/2.

However, in a passive wire cell, Iv -* 0 while Xv -- -Ib/ 2C" Hence, a 0

passive cell overheats the beam by a factor

Tv/TB = Ib/Ieff > 1.

Adding a thick exit foil overheats the beam further.

The 1/r dependence of P. produces beam profiles strongly peaked about the

vire. For example, for an isothermal beam about a hollow wire,

Jb(r) -* Jb(0) (av/r)2x, 0

where
x = H(aw-r)/(l-aw2 /ab2).

0

Here H is the Heaviside step function, and ab2 a Ib/TOb(0). For r > a and

ab >> av , x = 1. For a beam that is injected cold and nearly flat-topped,

the equilibrium beam current density still peaks about r - 0 but falls off

more gradually with a sharp cut-off at the initial edge radius, ai >> a:

Jb(r) + (Ib/nai2 ) [(ai-r)/(r+av)] H(ai-r).

The minimum beam emittance can estimated by shoving that a cold beam at

injection contracts according to

<r n> = (n+I)-1/2 <rin>,

where <r. n> is the nth radial moment at injection. Combining this result
twith the result for T -Tw yields a minimum normalized emittance given by



F

(min)1/2
% i [(Iv-c~v)/rA]

where Ri is the rums radius at injection and IA a 17Y kA is the Alfven

current. The passive vire cell thus inverse tailors %n. On the other hand,

the active wire cell tailors en, for constant Iext, only if Ri flares in the

head (or y falls vith Q). Note that a y-ramp produces inverse tailoring for

both cells and is therefore usually detrimental.

Losses to the valls and vire are a major concern for solid beaus. By

considering the turning radii of the electron orbits, ve have concluded that

the vall losses are small provided the beam temperature at injection is

small, Ti < Tv/2, and the vall radius large, b > 2 Ri. Losses to the vire

should be small provided Ti k Tý/5 and a. < 0.01 Ri; here, finite Ti imparts

angular momentum to the beam electrons, causing most to miss the vire (much

as occurs for hollov, rotating beams such as RADLAC). A related concern is

vire durability vhich typically is poor at high beam currents and long

pulses; the wire must then be replaced after each shot.

SIMULATIONS

Ve have used the PEW code to simulate both the passive and active vire

cells. This code combines a fully relativistic particle pusher (courtesy of

G. Joyce) and an ultrarelativistic circuit equation to compute I and XV"

End-plate effects are not included in the simulations presented.

A passive wire cell of length L - 1 m and radius b - 14.8 cm, vith a vire

resistance'Rv - 1 Q/cm and radius av - 0.05 cm, is simulated belov. The beam

current Ib rose to 10 kA in 5 ns vith y - 10, half-radius R1 / 2 - 1 cm, and

en - 2.3 rad-cm. The beam vas injected off-axis at Z - -0.5 cm. Plotted at

cell exit are R1 / 2 and R, en, and the centroid i. Observe that the cell

flares R, inverse tailors va, and centers the beam body but not the head.

The cell overheats the beam by - 30Z, relative to the Bennett temperature in

air. Adding a thick exit foil to tailor %n vould overheat the beam further.

We next shov a simulation of an active cell with L . 1 m, b - 20 cm,

Rv - 0, a. = 0.08 cm, and Iext 0 5 kA. Ib rose to 20 M in 12 ns with Y - 10

and a matching current IM = 1.7 kA. The beam was injected off-axis at

i = -0.5 cm with R flared as shown. The beam at exit is well centered and

emittance tailored.
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Fig. 1. A passive vacuum wire cell.
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Fig. 2. An active vacuum wire cell (flared bean at injection).

CONCLUSION

A passive vacuum wire cell flares the radius, centers the body but not

head, and overheats the body. The overheating becomes substantial at beam

currents above 10 kA. An active cell centers the entire bean without

overheating, and tailors the emittance if the beam is flared at injection.
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Introduction. This paper summarizes our predictions for the ATA MPPE.
For the nominal parameters, Ib = 6 kA, rb = 0.5 cm, Tp = 33 ns, Np - 5

pulses, we predict that range extension can be shown by. charge
collection diagnostics at propagation distances of 3-6 meters into full
density dry air. Longer propagation distances were not analyzed. For
maximum initial hose perturbations under 0.1 -m, hose amplification of
under 70 is seen for 6 meters of propagation. Stability, measured as an
offset at a fixed laboratory p.,ition, is comparable for the first and
fifth pulses. A 4 to 1 emittance tailoring over 12 ns was assumed. It
also appears that hose displacement, at least for moderate propagation
distances, is determined more by the initial perturbation than by the
channel. 1-3

Other papers in these proceedings discuss various aspects of
this experiment.

Simulation Model. Several codes, which have been developed over the
years, were combined to model this problem. Propagation was done with
the particle simulation codes SIMM0, for axisymmetric cases, or SARLAC,
for non-axisymmetric studies. These codes dumped the beam current
density at specified propagation distances. For SARLAC, the current
density was symmetrized because the hydro models were one dimensional.
The current density and channel profile were input to the detailed air
chemistry code CHMAIR II. This code calculates the beam deposition,
population of species, and channel temperatures but does not assume
hydrodynamic expansion. CHMAIR II simulated about 100 ns, enough time
for ohmic deposition to finish and for the electron and vibrational
temperatures to equilibrate. The particle densities are then
consolidated and used as input to HINT. HINT is a one dimensional hydro
code which calculates the channel for the rest of the interpulse time
(-lms). The channel for the next pulse is then input to the propagation
code and the process repeats for the next pulse. HINT has a simplified
air chemistry model which includes 7 species and the gas and vibrational
temperatures. It has cooling by thermal conduction, but not by .4
radiation. Non-axisymmetric cooling is modeled by the Picone-Boris
theory. The fields are assumed to have decayed away.

*Work supported by the Defense Advanced Research Projects Agency, ARPA
Order No. 4395, Amendment 80, monitored by the Naval Surface Warfare
Center.



Axisymmetric Studies. The following table summarizes the results of six

axisymmetric simulations of the MPPE:

5 PULSE AXISYMMETRIC PROPAGATION RESULTS

Case Chem. Enhanced Enhanced Pmin Q1 Q5
Cool. Mf) Vib. Rel. z zM Z

A Old 0.0 No .25 .64 11.0 20.4
B Old 0.05 No .53 .73 11.0 18.5
J New 0.0 No .26 .80 12.5 18.0
K New 0.0 Yes .25 .66 12.5 21.4
KM New 0.05 Yes .53 .74 12.5 18.9
KL New 0.05 Yes .55 .80 12.1 17.2

For Cases A and B the pulse separation was 1 ms; for the other cases it 0
was 1.25 ms. In Case KL the nominal beam radius was 0.6 cm. The "Old"
air chemistry is the standard VIPER model. The "New" air cheinisty was
obtained by benchmarking MPPE-type beams with the detailed air chemistry

code CRHAIR II2. The enhanced cooling factor f is the phenomenological
form factor in the Picone-Boris cooling theory which models
non-axisymmetry hydrodynamic effects by using an enhanced thermal

3
diffusivity. "Enhanced Vibrational Relaxation" means the inclusion of

carbon dioxide in the propagation chamber to thermalize the vibrational
2

energy of nitrogen to aid hole boring. Pmin is the minimum fractional

density at the entrance of the fifth pulse. Q1 and 05 are the 0
transported charges (uc) for pulses 1 and 5 within 1.125 cm of the
chamber axis at a propagation distance of z=6 m. Six meters is roughly
twice the Nordsieck length of the initial pulse.

By comparing columns 7 and 8, all of these cases show at least an
almost 50% increase in transported charge clearly verifying range
extension.

Cases A and J differ in two ways: pulse separation time and air
chemistry model. Case A shows slightly better range extension
properties, particularly in channel depth at large propagation ranges.
Its shorter pulse separation time allowed less thermal cooling, but the
major reason for the deeper channel is a 15X greater direct deposition
rate used with the "old" chemistry.

Non-axisymmetric hydrodynamic effects are modeled by using an
enhanced thermal conduction

2 1
PC= PCpC z -, ln[ f, ergs/cm-sec-OK,

where T is the pressure equilibration time and f is a form factor. 3 ' 4

We have chosen f = 0.05 assuming an individual pulse has a symmetric



deposition and the offsets between pulses are small compared to a beam
radius. Cases A and B and Cases K and KM differ only in the value of f.
A large difference in channel depth at the nozzle is shown even for f
0.05. The channels with the nonzero f are slightly broader. At 4 m,
the contrast is not as great. Charge transported 6 m is 10-15% lower
with enhanced cooling but it is still appreciably higher for the fifth
pulse than the first one. The amount of cooling is difficult to predict
and the MPPE results will be very valuable.

The only difference between Cases J and K is the addition of
carbon dioxide in the propagation chamber to aid in the thermalization
of the vibrational energy of nitrogen. The channels at the nozzle at
the entrance of the fifth pulse are very similar although the Case K

2
channel opened much sooner . At larger propagation distances Case K is
definitely better and 15Z better transport to 6 m is predicted. The use
of carbon dioxide is recommended, though levels should be kept as low as
possible, say - 1%, to avoid other air chemistry effects.

Cases KL and KM differ only in the nominal beam radius, which was
0.5 cm for KM and 0.6 cm for KL. The broader beam showed only slightly
worse range extension at 6 m.

Non-axisymmetric Studies. Three of the non-axisymmetric simulations
will be discussed here. The first modeled the beam into ambient air.
The other two considered the fifth pulse. In one case into the
(axisymmetric) channel of Case KM and the other into the channel of Case
K. The initial maximum perturbation was 0.1 mm in the x or y direction
with the standard form. Sensitivity to the exact form of the initial
perturbation is discussed in Reference 1. The folloving table shows the
total charge and deposition centroids for several propagation distances.

CHARGE CENTROID DEPOSITION CENTROID
PULSE 1 PULSE 5-KM PULSE 5-K PULSE 1 PULSE 5-KM PULSE 5-K

Z(M) X(CM) Y(CM) X Y X Y X Y X Y X Y
1 .03 .03 .03 .04 .04 .05 .03 .04 .03 .04 .03 .04
2 -. 12 -. 10 -. 15 -. 15 -. 16 -. 17 -. 13 -. 12 -. 16 -. 16 -. 15 -. 16
3 -. 10 -. 15 -. 03 -. 10 .00 -. 06 -. 10 -. 16 -. 02 -. 11 .00 -. 06
4 .10 .04 .20 .15 .25 .20 .11 .04 .21 .16 .23 .19
5 .28 .25 .28 .28 .22 .36 .30 .27 .29 .30 .21 .33
6 .15 .19 -. 06 -. 06 -. 06 -. 23 .16 .20 -. 07 -. 07 -. 07 -. 21

Through 5 m the centroids of all three pulses track each other to within
a millimeter. This indicates that the hose displacement is determined
more by the initial perturbation than by the presence of the channel.
Thus employing a moveable charge collection diagnostic to catch the
hosing beams may be successful. The maximum offset of any beam slice in
the beam body is around 0.5-0.7 cm for all three cases over the 6 m
range.
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Conclusions. If the design parameters are met, the MPPE should be
successful. The beam will be stable enough to travel over 6 m and dig
enough of a channel to shov range extension. Beam stability viii not be 0
very sensitive to the channel. The greatest unknown will be the effect
of anomolous cooling.
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